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--In 1971, a t  the request of the Environmental Protection Agency, the idational 
Academy of Sciences-National Academy of Engineering undertook the revision of WATER QUAL1 
CRITERIA, the 1968 Report of the National Technical Advisory Committee (NI'AC) t o  the Seci 
tary of the Interior. Xie Academies appointed a Conunittee on Xater Quality Criteria and 
six Par,els, and the responsibility for  overseeing their  act ivi t ies  was assigned to  the 
Environmental Studies Board, a joint  body of the Academies. The guidelines for the Acade 
mies' Committee were s in i l a r  t o  those followed by the NTAC. The Committee's six P a x l s  
were: (1) RecEation and Aesthetics, (2)  Public Water Supplies, (3) Freshvater Aquatic L j  
and Wildlife, (4) Marine Aquatic Life and Wildlife, ( 5 )  Agricultural Uses of Water, and-- 
(6) Industrial Water Supplies. 
detail,  among them: the recreational impact of boating, levels of use, disease vectors, 
nuisance organisms, and aquatic vascular plants; viruses in  relation to  public water 
supplies; effects of to ta l  dissolved gases on aquatic l i f e ;  guideliies for  toxicological 
research on pesticides and uses of toxicants i n  fisheries management; disposal of sol id  
wastes i n  the ocean; use of waste water for irrigation; and industrial  water treatment pi 
cesses m d  resultant wastes. Many toxic or potentially toxic substances not considered k 
the NTAC are discussed inclufiig polychlorin ed biphenyls, phthalate esters,  n i t r i l o t r i -  
acetate (NTA), numerous metals, and ch1orine.r six Sections do not provide s m r i e s ;  an 
understanding of how the rec reted and used can be gained on1 
r i x o m m e n M e -  

n re 
L A - -  

"iVater quality standards, *Reviews, *Regulation, *Baseline studies, Basic data collectior 
Recreation, Aesthetics, Water supply, Aquatic l i f e ,  Wildlife, Irrigation water, Industri: 
water, Freshwater f ish,  Mrine animals, Marine f ish,  *Toxicity, "Lethal l imit ,  *Toxins, 
Bibliographies 

In the 1972 Report many new subjects are discussed in 
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EPA Review Notice 

This report was prepared under a contract financed by the Environmental 
Protection Agency and is approved by the Agency for publication as a n  important 
contribution to the scientific literature, but not as the Agency’s sole criteria for 
standards setting purposes. Neither is it necessarily a reflection of the Agency’s views 
and policies. T h e  mention of trade names or commercial products does not constitute 
endorsement or recommendation for their use. 
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NOTICE 

The study reported herein was undertaken under the aegis of the National Re- 
search Council with the express approval of the Governing Board of the NRC. Such 
approval indicated that the Board considered that the problem is of national signifi- 
cance, that elucidation or solution of the problem required scientific or technical 
competence, and that the resources of NRC were particularly suitable to the conduct 
of the project. The institutional responsibilities of the NRC were then discharged in 
the following manner: 

The members of the study committee were selected for their individual scholarly 
competence and judgment with due consideration for the balance and breadth of 
disciplines. Responsibility for all aspects of this report rests with the study committee, 
to whom we express our sincere appreciation. 

Although the reports of our study committees are not submitted for approval to 
the Academy membership nor to the Council, each report is reviewed by a second 
group of appropriately qualified indi\.iduals according to procedures established 
and monitored by the Academy’s Report Review Committee. Such reviews are in- 
tended to determine, among other things, whether the major questions and relevant 
points of view have been addressed and whether the reported findings, conclusions, 
and recommendations arose from the available data and information. Distribution 
of the report is approved, by the President, only after satisfactory completion of this 
review process. 
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3uly22, 7972 
THE HONORABLE WILLIAM D. RUCKELSHAUS 
Administrator 
Enuironmm tal Protection Agency 
Washington, D.C. 

DEAR MR. RUCKELSHAUS: 
It  is our pleasure to transmit to you the report Water Qualily Criteria, 7972 pre- 

pared by the National Academy of Sciences-National Academy of Engineering Com- 
mittee on Water Quality Criteria. 

This book is the successor to the Water Quality Criteria Report of the National 
Technical Advisory Committee to the Secretary of the Interior in 1968. The 1972 
Report drew significantly on its 1968 predecessor; nevertheless the current study 
represents a complete reexamination of the problems, and a critical review of a l l  
the data included here. The conclusions offered reflect the best judgment of the 
Academies’ Committee. 

The Report develops scientific criteria arranged in categories of major beneficial 
use. We are certain that the information and conclusions contained in this Report 
will be of use and value to the large number of people throughout the country who 
are concerned with achieving a high level of water quality for the Nation. 

I t  is our pleasure to note the substantial personal contributions of the members 
of the Committee on Water Quality Criteria and its Panels and advisers. They have 
contributed more than 2,000 man-days of effort for which they deserve our gratitude. 
In less than a year and a half, they have collected a vast amount of scientific and 
technical information and presented it in a way that we believe will be most helpful 
to Federal and State officials as well as to the scientific community and the public. 
Oversight responsibility for the document, of course, rests with the Committee on 
IVater Quality Criteria ably chaired by Dr. Gerard A. Rohlich of the University of 
Texas at Austin. 

We wish also to express our appreciation to the Environmental Protection Agency 
which, without in any way attempting to influence the Committee’s conclusions, 
provided technical expertise and information as well as the resources to undertake 
the study. 

In the course of their work the Committee and Panels identified several scientific 
and technical areas in which necessary data is insufficient or lacking. The Academies 
find that a separate report is urgently required that specifies research needs to enable 
an increasingly effective evaluation of water quality. We are currently preparing 
such a report. 

PHILIP HANDLER CLARENCE H. LINDER 
Resident Resid& 
National Academy of Sciences 

Sincerely yours, 

National Academy of Engincning 
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In 1971, at the request of the URited.States Environmental Protection Agency, 
the National Academy of Sciences-National Academy of Engineering undertook the 
revision of WATER QUALITY CRITERIA, the 1968 Report of the National 
Technical Advisory Committee (hTAC) to the Secretary of the Interior. The Acad- 
emies appointed a Committee on Water Quality Criteria and six Panels, and the 
responsibility for overseeing their activities was assigned to the Environmental 
Studies Board, a joint body of the Academies. 

The guidelines for the Academies’ Committee were similar to those followed by 
the NTACI.The Federal Water Pollution Control Act of 1948, as amended by the 
Water Quality Act of 1965, authorized the states and the federal government to 
establish water quality standards for interstate and coastal waters. Paragraph 3, 
Section 10 of the 1965 Act reads as follows: 

Standards of quality established pursuant to this subsection shall be 
such as to protect the public health or welfare, enhance the quality of water 
and serve the purposes of this Act. In establishing such standards the Secre- 
tary, the Hearing Board, or the appropriate state authority shall take into 
consideration their use and value for public water supplies, propagation of 
fish and wildlife, recreational purposes, and agricultural, industrial, and 
other legitimate uses. 

Because of the vast amount of material that falls into the rubric of fish and wildlife, 
the Academies established separate Panels for freshwater and marine aquatic life 
and wildlife. Thus the Committee’s six Panels were: (1) Recreation and Aesthetics, 
(2) Public Water Supplies, (3) Freshwater Aquatic Life and Wildlife, (4) Marine 
Aquatic Life and Wildlife, (5) Agricultural Uses of Water, and (6) Industrial Water 
Supplies. 

The members of the Committee and its Panels were scientists and engineers 
expert and experienced in the various disciplines associated with the subject of water 
quality. The Panels also drew upon special advisors for specific water quality con- 
cerns, and in addition were aided by Environmental Protection Agency experts as 
liaison at the Panel meetings. This arrangement with EPA facilitated the Panels’ 
access to EPA data on water quality. Thirty-nine meetings were held by the Com- 
mittee and its Panels resulting in an interim report to the Academies and the Environ- 
mental Studies Board on December 1, 197 1. This was widely circulated, and com- 
ments on it were solicited from many quarters. The commentaries were then considered 
for inclusion by the Committee and the appropriate Panels. This volume, submitted 
for publication in August 1972, within eighteen months of the inception of the task, 
is the final version of the Committee’s report. 

The 1972 Report is vastly more than a revision of the NTAC Report. To begin 
with, it is nearly four times longer. Many new subjects are discussed in detail, among 
them: the recreational impact of boating, levels of use, disease vectors, nuisance 
organisms, and aquatic vascular plants; viruses in relation to public water supplies; 
effects of total dissolved gases on aquatic life; guidelines for toxicological research on 
pesticides and uses of toxicants in fisheries management; dpposal of solid wastes in 
the ocean; use of waste water for irrigation; and industrial water treatment processes 
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and resultant wastes. Many toxic or potentially toxic substances not considered by 
the NTAC are discussed including po!ychlorina:ed bipbeny!s, phthdate esters, nitrdo- 
triacetate (NTA), numerous metals, and chlorine. The additional length also reflects 
the greater current awareness of how various characteristics of water affect its quality 
and use; and the expansion of the information base of the NTAC Report through 
new data from recent research activities and the greater capabilities of information 
processing, storage, and retrieval-especially evident in the three appendixes-have 
made.their impact on the increase in size. In spite of these additions, however, the 
1972 Report differs from the NTAC Report in that its’six Sections do  not provide 
summaries,’ The CeRnnitt- that an understanding of how the recommend- 
ations should be interpreted and used can be gained only by a thorough reading of 
the rationale and the evaluation of criteria preceding the recommendations.: 

Although each Section was prepared by its appropriate Panel, some discussions 
reflect the joint effort of two or more Panels. These combined discussions attempt to 
focus attention where desirable on such subjects as radioactivity, temperature, 
nutrient enrichment, and growths of nuisance organisms. However, the majority of 
topics were most effectively treated by individual Panel discussions, and the reader 
is encouraged to make use of the Tables of Contents and the index in assessing the full 
range of the Report’s coverage of the many complex aspects of water quality. 

Water quality science and its application have expanded rapidly, but much 
work remains to be done. In  the course of this revision, the Committee and its Panels 
have identified many areas where further knowledge is needed, and these findings, 
now in preparation, will be published separately by the National Academy of Sci- 
ences-National Academy of Engineering as a report on research needs. 

Social perspectives and policies for managing, enhancing, and preserving water 
resources are undergoing rapid and pervasive change. Because of the stipulations of 
the 1965 Water Quality Act, interstate water resources are currently categorized by 
use designation, and standards to protect those uses are developed from criteria. I t  is 
in this context that the Report of the NAS-NAE Committee, like that of the NTAC, 
was prepared. Concepts of managing water resources are subject to social, economic, 
and political decisions and will continue to evolve; but the Committee believes that 
the criteria and recommendations in this Report will be of value in the context of 
future as well as current approaches that might be taken to preserve and enhance 
the quality of the nation’s water resources. 

’ 

GERARD A. ROHLICH 
Chairman, Committee on Water Quality Citeria 
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GENERAL INTRODUCTION 

HISTORICAL BACKGROUND 

The past decade has been a period of unprecedented 
activity directed to man’s concern for the quality of the 
environment, but a look at history show that this concern, 
although currently intensified, is not new. The lessons of 
history and the findings of archaeologists provide concrete 
evidence that at least three thousand years before the birth 
of Christ man was cognizant of the need to dispose of his 
wastes and other refuse if he was to keep his environment 
livable.’ For thousands of years the guidelines to quality 
of the water resource apparently were based on the senses 
of smell, sight, and taste. Whether or not these organoleptic 
observations on the suitability of water for use would 
match today’s criteria is questionable in light of Reynolds’ 
reference to “the old woman in the Fens” who “spoke for 
many besides herself when she asked of the new and pure 
supply: Call ye fhaf  water? For she said, if has neither taste 
nor smell”*; or in light of the more recent decision of a state 
supreme court in 1904, which took the position that it is 
“not necessary to weigh with tenderness and care the 
testimony of experts. . . an ordinary mortal knows whether 
water is fit to drink and use.”S 

Although the concern for water quality is not new, 
progress has been made in moving from sensory associations 
as a means of control to the application of knowledge and 
criteria gained from scientific advances in detection and 
measurement, and in a greater understanding of the char- 
acteristics of water. Essentially it has been the develop- 
ments of the past century that have provided criteria for 
and knowledge of water quality characteristics upon which 
we base determinations of its suitability for particular uses. 

Until recently, relatively few scientists and engineers had 
been engaged in this field. The past decade, however, has 
seen a tremendous increase in the number of workers de- 
voted to the subject of water quality assessment. Con- 
currently, an increasing awareness of the public has become 
apparent. As Leopold states, “The outstanding discovery 
of the twentieth century is not television, or radio, but 
rather the complexity of the land organism”; and he points 
out that “by land is meant all of the things on, over, or in 
the earth.”‘ The growing public awareness of environ- 

mental quality has helped to accelerate activity directed to 
the solution of problems relating to water quality. 

Forty centuries before the germ theory of disease had the 
support of scientifically conducted experiments, some con- 
trol measures to provide safe water supplies were in use. 
Boiling, filtration through charcoal, and the practice of 
siphoning off water clarified by sedimentation were among 
the early methods used to improve water quality.5 The 
regard of the Romans for high quality water is well known, 
and their civil works in obtaining water by the construction 
of aqueducts and the carrying away of waste waters in the 
cloacae or sewers, and in particular the Cloaca Maxima, 
are matters of common knowledge. The decline of sani- 
tation through the Middle Ages and into the early part of 
the past century brought on the ravages of pestilence and 
the scourges of cholera, typhoid fever and dysentery, which 
led to the resurgence of public concern over water quality. 
There were many experiments and suggestions regarding 
filtration for purification as early as the 17th century. They 
culminated in design of the first filters for municipal supplies 
by Gibbs in Scotland in 1804 and in England in 1829 by 
Simpson who is probably most renowned for his work in 
constructing filters for the Chelsea Water Company to 
supply water for London from the Thames River. 

The relationship of water quality to disease was firmly 
established by the report on the Broad Street Well in 
London by Sir John Snow in 1849, and in Edwin Chad- 
wick’s report of 1842 “On an inquiry into the Sanitary 
Condition of the Labouring Population of Ct. Britain.”6 
The greatest part of Chadwick’s report developed four 
major axioms that are still of relevance today. The first 
axiom established the cause and effect relationship between 
“insanitation, defective drainage, inadequate water supply, 
and overcrowded housing” on the one hand, and “disease, 
high mortality rates, and low expectation of lie” on the 
other. The second axiom discussed the economic cost of 
ill health. The third dealt with the “social cost of squalor,” 
and the fourth was concerned with the “inherent inefficiency 
of existing legal and administrative machinery.” Chadwick 
argued that the “only hope of sanitary improvement lay 
in radical administrative departures” which would call for 
new institutional arrangements. 
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It is evident from these few glimpses into the early years 
of development of control that the basic approach, and 
justifiably so, was to provide water suitable for human use. 
A century azo the principal aim was to provide, by bac- 
teriological examination, a scientific basis on  which to 
establish water quality practices for protection of the public 
health. Increasingly, however, we have come to recognize 
that a multitude of materials that may occur in water have 
adverse effects on beneficial uses other than that for public 
water supplies. 

WATER QUALIYY CONTROL IN THE UNITED STATES 

McKee and Wolf have provided a n  excellent historical 
background to the development of water quality standards 
and criteria and have summarized the water quality criteria 
promulgated by federal, state, and interstate agencies u p  
to 1963.’ Since then, many federal and state acts have been 
passed and modifications made in state administrative codes 
designed to establish criteria and standards. Of particular 
significance in this respect was the impact of the Federal 
Water Pollution Control Act of 19488 as amended by the 
iVater Quality Act of 1965.9 T h e  latter required that the 
states adopt: 

0 water quality criteria applicable to interstate waters; 

0 a plan for the implementation and enforcement of 
and 

the water quality criteria adopted. 

The Act further noted that the criteria and plans would, 
upon approval by the federal government, become the 
applicable water quality standards. At that time the Fed- 
eral \Vater Pollution Control Administration was in the 
Department of Health, Education, and Welfare. I n  May 
of 1966, the FIVPC.4 was transferred to the Department of 
the Interior, and in April, 1970 it was renamed T h e  
Federal IVater Quality Administration. In  December, 1970, 
interstate water quality and pollution control activities 
became the concern of the Environmental Protection 
Agency. 

O n  April 1, 1968, the FIVPCA published the report of 
the National Technical Advisory Committee to the Secre- 
tary of the Interior entitled Water Qualily Criteria.1o This 
report, often referred to as the “Green Book,” contains 
recommendations on water quality criteria for various uses. 
The present volume is a revision of that work with the 
objective of compiling and interpreting the most recent 
scientific data in order to establish what is known about 
the materials present in water as related to specific uses. 

MAJOR WATER USES AS AN OR6ANIHIN6 APPROACH 

Although it is recognized that consideration must be 
given to the multiple use requirements placed on our  water 
resources, this revision has followed the approach of the 
1968 report in making recommendations in certain use I 

, 

categories. Such a n  approach provides a convenient way 
of handling a n  otherwise unwieldy body of data. Neither 
the approach itself nor the sequence in which the uses are 
arranged in the Report imply any comment on the relative 
importance of each use. Each water use plays its vital role 
in the water systems concept discussed above, and political, 
economic, and social considerations that vary with his- 
torical periods and geographic locations have brought par- 
ticular water uses to positions of preeminent importance. 
In  contemporary terms, it is not difficult to argue the 
primary importance of each water use considered in this 
Report: the recreational and aestheti.c use of the Nation’s 
water resources involves 3.7 billion m a n d a y s  a year;” our 
public water supply systems prepare 15 billion gallons per 
day for the urban population alone ;I2 commercial fishermen 
harvested 166,430,000 pounds of fish from the nation’s 
public inland freshwater bodies in  1969;La our marine 
waters yield five billion pounds of fish annually for human 
use ;I4 agriculture consumes 123 billion gallons of water per 
day in meeting its domestic, livestock, and irrigation needs;15 
and our industries must have 84,000 billion gallons of water 
per year to maintain their operations.“ 

Clearly, the designation of one water use as more vital 
than another is as impossible as it is unnecessary. Further- 
more, we must not even restrict Gur thinking to present 
concepts and designated uses. Those concerned with water 
quality must envisage future uses and values that may be 
assigned to our water resources and recognize that man’s 
activities in altering the landscape and utilizing water may 
one day have to be more vigorously controlled. 

THE MEANING OF WATER QUALITY CRITERIA 

In  current practice, where multiple uses are required, as 
they will be in most situations, our guidelines to action will 
be the more stringent criteria. Criteria represent attempts 
to quantify water quality in terms of its physical, chemical, 
biological, and aesthetic characteristics. Those who are 
confronted with the problem of establishing or evaluating 
criteria must d o  so within the limits of the objective and 
subjective measurements available to them. Obviously, the 
quality of water as expressed by these measurements is the 
product of many changes. From the moment of its conden- 
sation in the atmosphere, water accumulates substances, in 
solution and suspension, from the air, from contacts as it 
moves over and into the land resource, from biological 
processes, and from human activities. M a n  affects the 
watershed as he alters the landscape by urbanization, by 
agricultural development, and by discharging municipal 
and industrial residues into the water resource. Thus cli- 
matic conditions, topography, geological formations, and 
human use and abuse of this vital resource significantly 
affect the characteristics of water, so that its quality varies 
widely with location and the influencing factors. 

To look ahead again, it should be stressed that if coming 
generations expect to use future criteria established by 
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CRITERIA for specific Recreational and 
Qualities and quantities, based Aesthetic Waters 
on scientific determinations. Public Water Supplies .. 
which must be ideiitified and uses in Fresh Waters 
may have to be coritrolled. Marine Waters 

Agricultural Waters 
Industrial Water Supplies 

Identification 
pathway I 

IDENTlFlCATlON 
Analytical methods (chemist, 
biologist, engineer, recreational 
specialists & others). 

(The operation needed for de- 
tecting and measuring character- 
istics of water.) 

MONITORING 
Deployment of measuring instru- 
ments to provide criteria and 
information for assessment and 
con t ro 1. 

(The chronological and spatial 
sampling operations needed.) 

STANDARDS 
Definition of acceptable quality 
related to unique local situation 
involving political, economic and 
social factors and including plans 
for implementation and ques- 
tions of water use and manage- 
ment. 

FIGURE l--Conceptwl Framework for Developing Standards j rom Criteria 
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aquatic scientists, baseline areas must be preserved in which 
the scientists can work. Limnologists, oceanographers, and 
freshwater and marine biologists obtain baseline data from 
studies of undisturbed aquatic ecosystems. Because all the 
basic information has not yet been extracted from im- 
portant study sites, it is essential that the natural condition 
of these sites prevail. 

The fundamental point of departure in evaluating cri- 
teria for water quality in this Report is that the assignment 
of a level of quality is relative to the use man makes of that 
water. To  evaluate the quality of water required for various 
uses, it is essential to know the limits of quality that have a 
detrimental effect on a designated use. As a corollary, in 
deciding whether or not water will be of suitable quality, 
one must determine whether or not the introduction into, 
or presence of any material in the resource, interferes with, 
alters, or destroys its intended use. Such decisions are sub- 
ject to political, social, and economic considerations. 

CRITERIA AND SVANDARDS 

The distinction between criteria and standards is important, 
and the words are not interchangeable nor are they syno- 
nyms for such commonly used terms as objectives or goals. 
As a clarification of the distinction that must be recognized 
and the procedural steps to be followed in developing 
standards from criteria, a conceptual framework based on 
the report “Waste Management and Control” by the Com- 
mittee on Pollution NAS-NRC” is presented in Figure 1. 
In this context, the definition of criteria as used in this 
Report is “the scientific data evaluated to derive recommen- 
dations for characteristics of water for specific uses.” 

As a first step in the development of standards it is es- 
sential to establish scientifically based recommendations for 
each assignable water use. Establishment of recommen- 
dations implies access to practical methods for detecting 
and measuring the specified physical, chemical, biological, 
and aesthetic characteristics. In some cases, however, less 
than satisfactory methods are available, and in other cases, 
less than adequate methods or procedures are used. LMoni- 
toring the essential characteristics can be an operation 
concurrent with the identification step. If adequate criteria 
for recommendations are available, and the identification 
and monitoring procedures are sound, the fundamentals 
are available for the establishment of effective standards. 
It is again at  this step that political, social, and economic 
factors enter into the decision-making process to establish 
standards. 

Although the Committee and its Panels recognize that 
water quality, water quantity, water use, and waste water 
disposal form a complex system that is further complicated 
by the interchanges that occur among the land, air, and 
water resources, this Report cannot be so broad in scope: 
its explicit purpose is to recommend water quality char- 
acteristics for designated uses in light of the scientific 
information available at  this time. We are aware that in 

some areas the scientific information is lacking, inadequate, 
or possibly conflicting thus precluding the recommendation 
of specific numerical values. The need to refine the recom- 
mendations and to establish new ones will become increas- 
ingly important as additional field information and research 
results become available. Realistic standards are dependent 
on criteria, designated uses, and implementation, as well as 
identification and monitoring procedures; changes in these 
factors may provide a basis for altering the standards. 

Recommendations are usually presented, either as nu- 
merical values or in narrative form as summaries. In some 
instances in place of recommendations, conclusions based 
on the preceding discussion are giverf. It is important that 
each discussion be studied because it attempts to make 
clear the basis and logic used in arriving at  the particular 
recommendation. The Committee wishes to emphasize the 
caveat so clearly stated in the introduction to the “Green 
Book.” The Committee “does not want to be dogmatic” 
in making its recommendations. “They are meant as guide- 
lines only, to be used in conjunction with a thorough knowl- 
edge of local conditions.”18 
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This section considers water quality in the context of 
recreation and aesthetics, on the basis of available scientific 
data tempered by experience and judgment. In view of 
today’s burgeoning population in the United States, the 
importance of water quality criteria to preserve and enhance 
the recreational and aesthetic values of water resources is 
manifest. The problems involved are both great and urgent. 
Our urban centers bear the brunt of the growth of a popu- 
lation that needs and demands water-oriented recreational 
resources. But those resources, already overloaded, are de- 
graded or rendered unfit for recreation by the effects of 
man’s activities. The quality of water can be assessed and 
to some extent controlled, but the principal cause of water 
pollution is what man does on the land. Water must be 
protected from harmful land-water relationships, and man 
must be protected from the consequences of degraded water 
quality. 

YWE ROLE OF WATER-ORIENTED RECREATION AND 
AESY w E m s  

Recreation is an enigma: nearly everyone participates in 
some type of recreation, but few are likely to agree on an 
acceptable definition of it. Most persons who are not pro- 
fessionally involved with recreation tend to define it nar- 
rowly in terms of their own experiences. iMany feel that 
the term implies some form of strenuous physical activity; 
to them, aesthetic appreciation and other leisure activities 
that primarily involve the mind are not “recreation.” 
There is also a tendency for some to include only those 
physical activities that are commonly identified as “recre- 
ation” by public or quasi-public recreation agencies. 

Charles E. Doell, an internationally known authority on 
park and recreation planning and administration, defines 
recreation as “the refreshment of the mind or body or both 
through some means which is in itself pleasureful.” He 
states “almost any activity or mental process may be recre- 
ation depending largely upon the attitude assumed in the 
approach to the process itself’ (Doell 1963)‘.’ This concept 

* Citations are listed at the end of the Section. They can be located 
alphabetically within subtopiol or by their superior n u m h  which 
run consecutivcly acros) subtopics for the entire Section. 

is supported by many others (Brightbill 1961*, Butler 1959*, 
Lehman 19656). If the attitude of the individual concerned 
is the key to whether or not an activity may be classed as 

recreation,” it follows that one man’s work may be an- 
other man’s recreation; and an unwelcome social duty to 
one person may be a valuable recreational experience to 
another. Certain activities may be either recreational or 
part of the daily routine depending on the attitude of the 
participant. Recreation is, therefore, an elusive concept 
that can bear some relationship to any of the major con- 
cerns of living-work and education, social duty, or bodily 
needs. FVhether or not an individual’s activity falls within 
the psychological realm of recreation depends upon his 
attitudes, goals, and life style at a point in time. 

For the purposes of this report a broad view of recreation 
is adopted, and aesthetic appreciation is considered part of 
recreation. Thus the term “recreation” includes all types 
of intensive and extensive pleasurable activities ranging 
from sedentary, purely aesthetic experiences to strenuous 
activities that may involve a relatively small aesthetic 
component. 

t‘ 

SCOPE AND NAflONAb SIGNIFICANCE 

The scope and significance of water-related recreational 
activities is not well documented quantitatively, but an 
impression of its importance in the lives of Americans can 
be obtained from such evidence as license registration and 
sales data, user surveys, economic impact studies, and new 
legislation programs and regulations. 

In 1960, 19 
million persons bought 23 million state fishing licenses, 
tags, permits, and stamps. Ten years later more than 31 
million licenses, tags, permits, and stamps were held by 
over 24.5 million purchasers, an increase of about 28 per 
cent over 1960 (U.S. Department of the Interior 1961,” 
1971l‘). In 1970 sportsmen spent an  estimated $287.7 mil- 
lion on fishing tackle and equipment on which they paid 
$14 million in federal excise taxes (Dingle-Johnson Act). 
They also added 390.9 million to state treasuries (Slater 
1972),’ and in many cases these funds were matched with 
federal funds for use in fisheries improvement programs 

License Registration and Sales Data 

8 
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The number of xecreational boats in use increased even and a good proportion of those available on Park Senice 
more substantially. It was estimated that there were almost lands and in national forests are water-based or water- 
9 million boats of various types in use during 1970, an related. Similar growth rates and a predominance of water- 
increase of 9 per cent over 1966. More than $3 billion were related recreational experiences characterize the use of 
spent a t  the retail level on boating equipment, services, recreational lands managed by the Bureau of Sport Fisheries 
insurance, fuel, mooring fees and memberships, a 22 per cent and lVildlife, the Bureau of Land hlanagement, the Bureau 
increase over 1966 (The Boating Industry 1971)’. In  1970, an  of Reclamation, and the Department of Defense. 
estimated million pairs of water skis were sold, a 5 per cent The preeminent role of water resources in recreation was 
increase in’ domestic and export sales for that year (The emphasized by the President’s Outdoor Recreation Re- 
Boating Industry 197 1)l. sources Review Commission in 1960. Extensive suneys 

Economic Impact Studies In  fiscal 1969-70, the showed that most people seeking outdoor recreation (90 
Corps of Engineers spent 827.6 million to develop or expand per cent of all Americans) sought it in association uith 
facilities for swimming, fishing, boating, and other water- water, as indicated by the preliminary figures in Table 1-1, 
oriented activities (Stoutpnsonal communicution 1971)18. The a study made as part of the 1970 U.S. Census (Slater 
state parks of the nation, the majority of which are water- 1972)”. Although it is impossible to estimate what pro- 
oriented, spent $125.8 million in 1970 on capital improve- portion of the use reported by the survey was actually 1 

ments and $177 million on operations and maintenance associated w’ith water for those activities that are not ivater- L 1. 

(Stout prrsonal communication 197 l)’*. based but are often water-related, the data nevertheless .., . 
Although public expenditures for water-oriented recre- emphasize the magnitude of current participation in water- ..... 

and commercial sectors are of even greater magnitude. I n  If no more than half the time spent on the frequently :; 

regions of the country where water bodies are reasonably water-related activities was in fact associated \vith \vater, :. 
numerous, most seasonal homes are built on or adjacent to the total man days for water-based and \vater-related ac- * i - i - ~  

water. In 1970, it was estimated that 150,000 seasonal tivities in 1970 would be at least 3.7 billion man days. 
homes were built at  a cost of $1.2 billion (Ragatz 1971)6. Participation in water-based and \\.ater-oriented recre- 
Some waterfront locations have been extensively developed ation is likely to increase in the forseeable future. T h e ,  
for a variety of public, private, and commercial recreational Bureau of Outdoor Recreation (1967)13 predicts that by the 
purposes, The lakes and lake frontage properties of the year 2000 summertime participation in swimming \vi11 in- 
Tennessee Valley Authority alone wereestimated to contain crease over the year 1965 by 207 per cent, in fishing 78 per 
water-based recreational equipment and facilities worth $77 cent, in boating 215 per cent, in waterskiing 363 per cent, 
million and land-based facilities and improvements valued and in such water-related activities as camping, picnicking, 
at  $178 million in 1968 (Churchill personal communication and sightseeing 238, 127, and 156 per cent respectively. 
1972)16. Legislation, Regulations, and Programs The 

Expenditures for other goods and services associated with importance of water-based and water-related recreation to 
water-oriented recreation are also a major factor in the society is reflected in the increase in legislation and the , 

economy. Boaters, fishermen, campers, picnickers, and number of regulations and programs intended to increase - . 
others spend considerable sums on transportation, accommo- 
dations, and supplies. For example, preliminary data Show 
that some 2.9 million waterfowl hunters spent an estimated 
$245 million during 25 million recreation days in 1970 
(Slater personal communication 197 1)l’. The Tennessee Valley 
Authoritv estimated in 1967 that sports fishermen using its 

ational developments are large, expenditures in the private oriented recreation. . . ,. 
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TABLE I-l-portkjmtion in Watm-Orknted Recreation 
Activities in 1970 
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User Surveys Since World War 11, per capita par- 

ticipation in most types of recreational activities has in- 
creased even more rapidly than the preceding data indicate. 
Attendance a t  National Park Service areas rose from 133 
million visits in 1966 to 172 million in 1970, an increase of 
29 per cent. In  the same period, visits to Corps of Engineers 
reservoirs increased 42 per cent to a total of 276 million. 
Comparable figures for the national forests were 151 million 
in 1966, rising 14 per cent to 173 million in 1970 (Bureau 
of Outdoor Recreation pnsonal communication 1971)15. Most 
of the recreation opportunities at  Corps of Engineers areas 
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or protect opportunities for these activities. One example 
is the Wild and Scenic Rivers Act U.S. Congress 1968)O 
that authorized a national program to preserve free-flowing 
rivers of exceptional natural or recreational value. The 
Federal Power Commission has required the submission of 
recreation and fish and wildlife development plans as inte- 
gral parts of hydroelectric license applications. The Federal 
Water Project Recreation Act (U.S. Congress 1965)IO en- 
courages state and local participation in planning, hancing, 
and administering recreational features of federal water 
development projects. The Estuary Protection Act (U.S. 
Congress 1968)'' authorizes cooperative federal-state-local 
cost sharing and management programs for estuaries, and 
requires that federal agencies consult with the Secretary 
of the Interior on all land and water development projects 
with impacts on estuaries before submitting proposals to 
Congress for authorization. 

The Soil Conservation Service of the U.S. Department of 
Agriculture assists in the development of ponds that often 
are used for recreational purposes and watering livestock. 
Federal assistance for waterfront restoration and the preser- 
vation of environmental values is available under the urban 
renewal, open space, and urban beautification programs of 
the Department of Housing and Urban Development, the 
Land and iVater Conservation Fund program of the Bureau 
of Outdoor Recreation, and the historic preservation pro- 
gram of the National Park Service. 

MAINTAININ6 AND RESTORIN6 WATER QUALITY 
FOR RECREATION AND AESTHETICS 

Although there have been instances of rapid water 
quality deterioration with drastic effects on recreation, 
typically the effect is a slow, insidious process. Changes 

have come about incrementally as forests are cut, land 
cultivated, urban areas expanded, and industries developed. 
But the cumulative effect and the losses in recreation oppor- 
tunities caused by degraded water quality in this country 
in the past 100 years have been great. In many urban areas, 
opportunities for virtually every type of water-based ac- 
tivity have been either severely curtailed or eliminated. 
The resource-based recreation frontier is being forced 
further into the hinterland. Aesthetic values of aquatic 
vistas are eliminated or depreciated by enchroachment of 
residential, commercial, industrial, military, or transpor- 
tation facilities. Drainage of swamps to control insect 
vectors of disease and channelization to control floods have 
a profound effect on water run-off characteristics. A loss in 
water quality and downstream aquatic environments and 
recreational opportunities is often the price paid for such 
improvements. 

The application of adequate local, state, and national 
water quality criteria is only a partial solution to our water 
quality problems. A comprehensive national land use policy 
program with effective methods of decision-making, imple- 
mentation, and enforcement is also needed. 

APPLYING RECOMMENDATIONS 

Throughout this report the recommendations given are 
to be applied in the context of local conditions. This caveat 
cannot be over emphasized, because variabilities are en- 
countered in different parts of the country. Specific local 
recommendations can be developed now in many instances 
and more will be developed as experience grows. Numerical 
criteria pertaining to other beneficial water uses together 
with the recommendations for recreational and aesthetic 
uses provide guidance for water quality management. 
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WATER QUALITY FOR PRESERVING AESTHETIC VALUES 

Aesthetics is classically defined as the branch of philos- 
ophy that provides a theory of the beautiful. In this Section 
attention will be focused on the aesthetics of water in 
natural and man-made environments and the extent to 
which the beauty of that water can be preserved or en- 
hanced by the establishment of water quality recommen- 
dations. 

Although perceptions of many forms of beauty are pro- 
foundly subjective and experienced differently by each indi- 
vidual, there is an apparent sameness in the human re- 
sponse to the beauties of water. Aesthetically pleasing waters 
add to the quality of human experience. Water may be 
pleasant to look upon, to walk or rest beside, or simply to 
contemplate. It may enhance the visual scene wherever it 
appears, in cities or in the wilderness. It may enhance values 
of adjoining properties, public or private. It may provide a 
focal point of pride in the community. The perception of 
beauty and ugliness cannot be strictly defined. Either 
natural or man-made visual effects may add or detract, 
depending on many variables such as distance from the 
observer or the composition and texture of the surroundings. 
As one writer has said when comparing recreational values 
with aesthetics, “Of probably greater value is the relaxation 
and mental well-being achieved by viewing and absorbing 
the scenic grandeur of the great and restless Missouri. 
Many people crowd the ‘high-line’ drives along the bluffs 
to view this mighty river and achieve a certain restfulness 
from the proximity of nature” (Porges et al. 1952)”. 

Similarly, aesthetic experience can be enhanced or de- 
stroyed by space relationships. Power boats on a two-acre 
lake are likely to be more hazardous than fun, and the 
water will be so choppy and turbid that people will hardly 
enjoy swimming near the shore. On the other hand, a 
sailboat on Lake Michigan can be viewed with pleasure. 
If a designated scenic area is surrounded by a wire fence, 
the naturalness is obviously tainted. If animals can only be 
viewed in restricted pens, the enjoyment is likely to be less 
than if they could be seen moving at  will in their natural 
habitat. 

MANAGEMENT FOR AESTHETICS 

The management of water for aesthetic purposes must be 
planned and executed in the context of the uses of the land, 

the shoreline, and the water surfaces. People must be the 
ultimate consideration. Aesthetic values relate to accessi- 
bility, perspective, space, human expectations, and the 
opportunity to derive a pleasurable reaction from the senses. 

Congress has affirmed and reaffirmed its determination 
to enhance water quality in a series of actions strengthening 
the federal role in water pollution control and federal sup- 
port for water pollution control programs of state and local 
governments and industry. In a number of states, political 
leaders and voters have supported programs to protect or 
even restore water quality with aesthetics as one of the 
values. 

The recognition, identification, and protection of the 
aesthetic qualities of water should be an objective of all 
water quality management programs. The retention of 
suitable, aesthetic quality is more likely to be achieved 
through strict control of discharges at  the source than by 
excessive dependence on. assimilation by receiving waters. 
Paradoxically, the values that aesthetically pleasing water 
provide are most urgently needed where pollution problems 
are most serious as in the urban areas and particularly in 
the central portions of cities where population and industry 
are likely to be heavily concentrated 

Unfortunately, one of the greatest unknowns is the value 
of aesthetics to people. No workable formula incorporating 
a valid benefit-to-cost ratio has yet been devised to reflect 
tangible and intangible benefits accruing to conflicting 
uses or misuses and the cost of providing or avoiding them. 
This dilemma could be circumvented by boldly stating that 
aesthetic values are worth the cost of achieving them. The 
present public reaction to water quality might well support 
this position, but efforts in this area have not yet proceeded 
far enough to produce values worthy of wide acceptance. 
(See Appendix I.) 
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BASIS OF RECOMMENDATIONS FOR AESTHETIC 
PURPOSES 

All surface waters should be aesthetically pleasing. But 
natural conditions vary widely, and because of this a series 
of descriptive rather than numerical recommendations is 
made. The descriptions are intended to provide, in general 
terms, for the protection of surface waters from substances 
or conditions arising from other than natural sources that 

11 
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might degrade or tend to degrade the aesthetic quality of 
the water. Substances or conditions arising from natural 
sources may affect water quality independently of human 
activities. Human activities that augment degradation from 
natural sources, such as accelerated erosion from surface 
disturbances, are not considered natural. The  recommen- 
dations are also intended to cover degradation from “dis- 
charges or waste,” a phrase embracing undesirable inputs 
from all sources attributable to human activities whether 
surface flows, point discharges, or subsurface drainages. 

The  recommendations that follow are essentially finite 
criteria. T h e  absence of visible debris, oil, scum, and other 
matter resulting from human activity is a strict requirement 
for aesthetic acceptability. Similarly, recommended values 
for objectionable color, odor, taste, and turbidity, although 
less precise, must be measured as no significant increase 
over background. Characteristics such as excessive nutrients 
and temperature elevations that encourage objectionable 
abundance of organisms, e.g., a bloom of blue-green algae 
resulting from discharge of a waste with a high nutrient 
content and a n  elevated temperature, must be considered. 

These recommendations become finite when applied as 
intended in the context of natural background conditions. 
Specific numbers would add little to the usefulness of the 
descriptive recommendations because of the varying acute- 

ness of sensory perception and because of the variability of 
substances and conditions so largely dependent on local 
conditions. 

T h e  phrase “virtually free” of a n  objectionable constituent 
as used in the recommendations implies the concept of 
freedom from the undesirable effects of the constituent but 
not necessarily freedom from the constituent itself. This 
recognizes the practical impossibility of complete absence 
and the inevitability of the presence of potential pollutants 
to some degree. 

Recommendationo 

Surface waters will be .aesthetically pleasine if 
they are virtually free of substances attributable 
to discharges or waste as follows: 

0 materials that will settle to form objectionable 

o floating debris, oil, scum, and other matter; 
0 substances producing objectionable color, odorI 

taste, or turbidity: 
o substances and conditions or combinations 

thereof in concentrations which produce un- 
desirable aquatic life. 

deposits; 
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capacity was discussed in this Section to call at- 
tention to its potential effects on water quality for 
recreational use. 

SEDIMENTS AND SUSPENDED fflATERlALS 

\\'eathering of the land surface and the transport of 
particles such as sand, silt and clay by whter, wind, and ice 
are natural processes of geologic erosion that largely de- 
termine the characteristics of our land, rivers, estuaries, 
and  lakes. Man, however, can drastically alter the amount 
of material suspended in surface waters by accelerating 
surface erosion through various land use and management 
practices. Sources of these sediments and suspended ma- 
terials such as erosion, mining, agriculture, and construction 
areas are discussed in Section I V  on  Marine Aquatic Life 
and \\.ildlife. In addition to causing siltation problems and 
affecting I>iological productivity, sediments and suspended 
materials affect the quality of surface waters used for 
recreational and aesthetic enjoyment. 

Effects on Wafer Quality 

The importance of suspended particle composition and 
concentrations to the recreational and aesthetic value of 
surface tvater relates to its effects on the clarity, light 
penetration, temperature, and dissolved constituents of 
surface \\.ater. the adsorption of toxic materials, and the 
composition, distribution, and rate of sedimentation of 
materials. These in turn not only affect recreational and 
aesthetic values directly, Iiut they control or limit biological 
prociucti\ity and the aquatic life the waters will sustain for 
enjoyment by people (Buck 1956,'j Cairns 1968).'9 Although 
the qualitative effects of suspended particles on surface 
waters are \\.ell recognized, quantitative knowledge and 
undcrstancliny are limited. (Biological effects are discussed 
in Sections I11 and IC' on Freshwater and hlarine ;\quatic 
Life.) 

Appearance The appearance of water is relative to 
the perspective of the viewer and his espectations. For 
esarnple. the surfaces of lakes, streams, or oceans viewed 
from shore appear less turbid than they d o  viewed from 
above or during immersion. The  responses of people viewing 
the spectacularly clear waters of Lake Tahoe or Crater 
Lake are almost surely aesthetic in nature, and allowing 
the clarity of such waters to decrease would certainly lower 
their aesthetic appeal. O n  the other hand, the roaring 
reaches and the placid stretches of the muddy Colorado 
River and miles of the muddy Xlississippi afford another 
kind of aesthetic pleasure and recreation which many also 
appreciate. People seem to adapt  to and accept a wide 
range of water turbidities as long as changes in turbidity 
are part of natural processes. However, increases in tur- 
bidity of water due to man's disturbance of the land surface, 
discharge of wastes, or modification of the water-body bed 
are subjectively regarded by many people as pollution, 
and so in fact or in fancy they reduce aesthetic enjoyment. 

Light Penetration T h e  presence of suspended solid 
materials in natural waters limits the penetration by sun- 
light. An example of the adverse effects of reduced available 
light is the inability of some fish to see their natural food 
or even the sport fisherman's lure (note the discussion in 
Section 111, Freshwater Aquatic Life and Wildlife, pp. 
126-129). In turbid, nutrient-rich waters, such as a n  estu- 
ary or lake where lack of light penetration limits algal repro- 
duction, a water management project that reduced sedi- 
ment input to the water body could conceivably result in 
increases of algal production to the nuisance level. 

When suspended particles inhibit the 
penetration of water by sunlight, greater absorption of 
solar energy occurs near the surface and warms the water 
there. \Vith its density thus decreased, the water column 
stabilizes, and vertical mixing is inhibited. Lower oxygen 
transfer from air to water also results from higher water 
surface temperature. Together with inhibited vertical mix- 
ing, this reduces the downward rate of oxygen transfer, 
especially in still or slowly moving water. In combination 
with the oxygen demand of benthic accumulations, any 
reduction in downward transfer of oxygen hastens the de- 
velopment of anaerobic conditions a t  the bed of shallow 
eutrophic ponds, and the result may be a ioss of aesthetic 
quality. 

Clay minerals have irregu- 
lar, platy shapes and large surface areas with electrostatic 
charges. A s  a consequence, clay minerals sorb cations, 
anions, and organic compounds. Pesticides and heavy 
metals likewise sorb on suspended clay particles, and those 
that are strongly held are carried with the particles to their 
eventual resting place. 

Microorganisms are frequently sorbed on particulate 
material and incorporated into bottom sediments when the 
material settles. Rising storm waters may resuspend the 
deposited material, thereby restoring the microorganisms 
to the water column. Swimming or wading could stir 
bottom sediments containing bacteria, thereby effecting a 
rise in bacterial counts in the water (Van Donsel and 
Geldreich 1971)33. 

The capacity of minerals to hold dissolved toxic materials 
is different for each material and type of clay. The  sorptive 
phenomenon effectively lends a large assimilative capacity 
to muddy waters. A reduction in suspended mineral solids 
in surface waters can, therefore, cause a n  increase in the 
concentrations of dissolved toxic materials contributed by 
existing waste discharges (see Section I11 on Freshwater 
Aquatic Life). 

Beach Zone Effects When typical river waters con- 
taining dispersed clay minerals mix with ocean water in 
estuaries to the extent of one part or more of ocean water to 
33 parts river water, the dispersed clay and silt particles 
become cohesive, and aggregates are formed under the 
prevailing hydraulic conditions (Krone 1 962).30 Such aggre- 
gates of mater id  brought downst-eam by storms either 

Temperature 

Adsorption of Materials 
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FACTORS INFLUENCING THE RECREATIONAL AND AESTHETIC VALUE OF WATER 

The many factors that influence the recreational and 
aesthetic value of water may be broadly grouped in two 
imprecise and overlapping but useful categories : physical 
and biological. Physical factors include geography, manage- 
ment and land use practices, and carrying capacity. Bio- 
logical factors involve the effects of nuisance organisms and 
eutrophication, the role of aquatic plants, species diversity, 
and the introduction of exotic species. In making water 
quality recommendations that will maintain recreational 
and aesthetic values of surface waters, it is necessary to 
understand the interrelationships between these factors and 
water quality. The discussions in this Section emphasize 
those interrelationships, but additional useful detail can be 
found in other Sections of this Report, Le., Pulilic \Vater 
Supplies (11), Marine Aquatic Life and \Vildlife (IV), and 
Agriculture (V). Cross references direct the reader to other 
sources at appropriate points in this Section. 

Physical Factors Recommendations applicable to 
water-related environmental goals may well define those 
constraints that must be imposed on man's land-based ac- 
tivities and upon his physical contact with water if the 
quality of water is to be maintained at a level suited to 
recreational use. This is especially true of aesthetic enjoy- 
ment of water, because pleasurable aesthetic experiences 
are related to water in its environmental setting and to its 
changing appearance caused by wind, light, and other 
natural phenomena. 

Man-made impoundments have provided numerous op- 
portunities for recreation that have not existed before, but 
their operation in some instances presents a paradox for 
recreational users. Often such reservoirs are located on the 
upper reaches of rivers where the natural setting is its:lf 
conducive to aesthetic recreational enjoyment; but because 
they are often multipurpose projects, their operation for 
water supply, seasonal provision of flood storage, daily 
provision of hydroelectric power, or even seasonal fluctu- 
ation for mosquito control will change the water surface 
elevation, leave barren banks exposed, or cause noticeable 
or transient disruptions of the otherwise natural appearing 
setting. Where the impoundment specifically provides a 
public water supply, concerned water works personnel, 
fearing degradation of the quality of the water stored for 

this purpose, may impose limitations on the scope of recre- 
ational opportunities. Thus, the full potential for recre- 
ational and aesthetic uses of water may well be curtailed 
somewhat by the operational schedule of a water body 
needed for other purposes, even if the quality of the stored 
water meets the stipulated water quality criteria. 

Control of turbidity represents another environment- 
related problem, one that must often be dealt with in terms 
of somewhat subjective local considerations. Recommen- 
dations for turbidity limits are best expressed as percentage 
increases over natural background conditions. The waste- 
water treatment processes normally employed are intended 
to control suspended particles and associated problems. 
Steps can also be taken to minimize erosion of soil disturbed 
by agriculture, construction, logging, and other human 
activities. Turbidity from urban and rural areas can be 
reduced by ponding or other sedimentation facilities. 
\$'herever possible, spoils from dredging of navigable waters 
should be disposed of on land or at water sites in such a 
way that environmental damage is minimized. If necessary 
dredging for new construction or channel maintenance is 
performed with caution, it will not have adverse eKects on 
water quality. (Effects of physical manipulation of the en- 
vironment are discussed further in Section 111 on Fresh- 
water Aqua ic Life and Wildlife.) 

Biological Factors Two principal types of biological 
factors influence the recreational and aesthetic value of 
surface waters: those that endanger the health or physical 
comfort of people and animals, and those that render water 
aesthetically objectionable or unusable as a result of its 
overfertilization. The former include vector and nuisance 
organisms; the latter, aquatic growths of microscopic and 
macroscopic plants. 

The discussion turns next to the physical factors of recre- 
ational carrying capacity and sediment and suspended 
materials, and then to the biological factors. 

RECREATIONAL CARRYING CAPACITY 

In both artificial impoundments and natural bodies of 
water the physical, chemical, and biological characteristics 
of the water itself are not the only factors influencing water- 
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oriented recreation. Depreciation of the recreational value limitations and wake-wave restrictions have had to be 
of water caused by high levels of use is a growing problem imposed. 
that can be solved only by management techniques that The size and configuration of a water body influence its 
either create more extensive facilities or limit the types and recreational use and carrying capacity. Large lake8 with a 
amounts of use to predetermined desirable levels or carrying low ratio of shoreline-twurface area tend to be under-used 
capacities. 

The recreational resource carrying czpacity concept is 
not new. Recreation land managers have used carrying 
capacity standards for decades, but such standards have 
generally been developed intuitively rather than experi- 
mentally. Dana (1957)24 called for empirical research in 
this field to provide better guidelines for management of 
recreation resources. The National Recreation and Parks 
Association reported in 1969 that almost no research of this 
type had been completed and that standards for water- 
oriented recreational activities then in use exhibited a dis- 
turbingly wide range of values (Chubb 1969)21. Among 
investigations of the carrying capacity of water for recre- 
ational boating currently being made are those at  North 

in the middle; conversely, lakes with a high ratio of shore- 
line-to-surface area tend to sustain more recreational use 
per acre. 

The Role of Regulation 

Rapid increases in recreational use have necessitated 
regulations to protect the quality of the experiences ob- 
tained by limiting use so that cahying capacity is not 
exceeded. Examples are boat speed regulations, limitations 
on horsepower, number of boat launching sites, number of 
parking places, and zoning and time limitations on water 
skiing and high-speed boating. Motorized crafts are often 
prohibited. Michigan is planning to use data from its 
current series of boating carrying capacity studies to es- ~. 

Carolina State University and Michigan State University 
(Ashton and Chubb 1971).20 A comparative study of the 
canoeing and trout fishing capacity of four rivers is taking 
place in Michigan (Colburn, personof communication 1971)2'. 
Lucas ( 1  964)?5 reported on an on-going recreational carry- 
ing. capacity study of the Boundary Waters Canoe Area. 

Until a number of these investigations are completed, 
the true nature and complexity of the factors involved in 
recreational carrying capacity will not be known. However, 
in the case of many water-oriented activities it is apparent 
that social, psychological, and economic factors are in- 
volved, as well as the physical characteristics of the water 
body (Chubb and Ashton 1969)=. For example, boaters on 
heavily used lakes in Southeast Michigan represent a broad 
spectrum of behavioral patterns and attitudes. Fishermen 
generally dislike high-density use and are particularly an- 
noyed by speeding boats that create waves. They believe 
such activities disturb the fish. Waterfront home and cottage 
owners abhor the noise and litter generated by owners of 
transient boats on trailers. O n  the other hand, many water 
skiers enjoy relatively crowded conditions because of the 
social aspects of the experience; and some cruiser and pon- 
toon boat owners enjoy viewing the skiers from their boats. 
Thus the boating carrying capacity of these waters involves 
the relative proportions of the various kinds of uses taking 
place and the life styles, recreational goals, and social 
aspirations of the boaters. Carrying capacity becomes a 
function of the levels of satisfaction achieved by the par- 
ticipants (Ashton and Chubb 1971)." 

Screw propellers of powerboats operating in shallow 
waters create currents that often suspend sediments. Power- 
boats can also produce wake waves that cause shore erosion 
and result in water turbulence. Marl-bottomed lakes and 
silty, relatively narrow rivers are especially susceptible to 
prolonged turbidity generated by such disturbances. In 
many cases, bank erosion has been so severe that speed 

tablish new criteria for- its boating access site program 
(Ashton and Chubb 1971).20 

The Michigan Department of Natural Resources (1970)le 
has proposed rationing recreation on stretches of the Au 
Sable, Manistee, Pine, and Pere Marquette Rivers by 
means of a canoe permit system to reduce conflicts between 
canoeists and trout fishermen. The proposed regulations 
would limit the release of canoes to a specified number per 
day for designated stretches of these rivers. Other regulations 
are intended to promote safety and reduce trespass, river 
bank damage, vandalism, and littering. The National Park 
Service has limited annual user days for river running on 
the Colorado through the Grand Canyon (Cowgdl 1971).43 

Affecvingl Recreaviona' Casvingl CafJacih' 
The carrying capacity of a body of water for recreation is 

not a readily identifiable finite number. I t  is a range of 
values from which society can select the most acceptable 
limits as the controlling variables change. 

The schematic diagram (Fig. 1-1) provides an impression 
of the number of relationships involved in a typical water 
body recreation system. Recreational carrying capacity of 
water is basically dependent upon water quality but also 
related to many other variables as shown in the model. 
At the threshold level a relatively small decline in water 
quality may have a considerable effect on the system and 
result in a substantial decline in the annual yield of water- 
oriented recreational opportunities at  the sites affected. 

gonc~u*iom 

No specific recommendation 1s made concemin~ 
recreational carrying capacity. A&?nciee eatablish- 
ing carrying capacities should be aware ob the 
complex relationships OB the interacting variabletit 
and Of the constant need to review established 
vah@s In light ob prevdlhg conditionm. Carrying 
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settle in the estuary, particularly in large shallow bays, or 
are carried directly to sea where they often are distributed 
over large areas of the sea floor. Those that settle in shallow 
bays can be constantly resuspended by wind-generated 
waves and held in suspension by waves while tidal currents 
circulate the waters throughout the estuary and carry a 
portion of the suspended material out to sea. Suspended 
clay mineral particles are weakly cohesive in river waters 
having either unusudly low dissolved salt concentrations 
or high proportions of multivalent cations in the dissolved 
salts. When such rivers enter lakes and impoundments, the 
fine particles aggregate and settle to the bed to form soft, 
fluffy deposits. 

O n  lakes, the natural wind waves maintain beaches and 
sandy littoral zones when there is sufficient fetch. \Vind- 
driven movement of the water through wave action and 
subsequent oscillation provides the minimum velocity of 
0.5 feet per second to sort out the fine particles of mineral 
soils and organic micelles and allow them to settle in the 
depths. Wave action extends to depths of approximately 
one-half of the wave length to sort bottom sediments. This 
depth is on the order of 5 feet (1.5 m) for a one-mile (1.6 
km) fetch. When the waters are deep enough to allow 
settling, fine sed:ments which are suspended drop down 
over the wave terrace leaving sorted sand behind. In  shallow 
water bodies where the orbital velocity of the \vater particles 
of wave action is great enough to lift fine sediments, waters 
may be kept in a state of turbidity (Shephard 19G3).a1 
Waters without adequate wind-wave action and circulation 
d o  not have appreciable sorting; and therefore :soft bottom 
materials, undesirable a t  facilities like swimming beaches, 
may build u p  in the shallows. These conditions reduce 
clarity and not only affect the aesthetic value but also 
present a hazard in swimming. 

The  natural phenomenon of beach maintenance, sup- 
plying sand to beaches and littoral zones, is dependent in 
par t  upon having ample sources of sand such as those pro- 
vided by river transport and shore erosion. Impoundment 
of rivers causes sand to settle behind dams and removes it 
a s  a future source for beach maintenance. Man's protection 
of shorelines from erosion also interrupts the supply of sand. 
I n  the erosion process, sand is commonly moved along the 
shore in response to the net positive direction of the wind- 
wave forces, or it is carried into deep water to be depos:ted 
on the edge of wave terraces. T h e  location of man-made 
structures can, therefore, influence the quality of beaches. 
Piers and jetties can intercept the lateral movement of sand 
and  leave impoverished rocky or hardpan shores on the 
up-current side. Such conditions are common along the 
shores of the large Great Lakes and many coastal waters 
(U.S. Army, Coastal Engineering Research Center 1966).= 

Sediment-Aquatic Plant Relationships When 
the sediment load exceeds the transport capacity of the 
river, deposition results. The  accumulation of sediments in 
reservoirs and distribution systems has been a problem 
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since ancient times. The  deposited materials may so alter 
the original bed materials of surface waters that rooted 
aquatic vascular plants are able to grow in the ne\vly 
available substrate, thus changing the aquatic environment. 
Fine sediments are often rich in the nutrients required for 
plant growths; and once the sediments are stabilized \vith 
a fe\v plants, extensive colonization may follo\c. (See the 
discussion of Aquatic \'ascular Plants in this Section.) 

Recommendation 

Clear waters are normally preferred for recre- 
ation. Because sediment-laden water reduces water 
clarity, inhibits the growth of plants, displaces 
water volume as sediments settle, and contributes 
to  the fouling of the bottom, prevention of un- 
natural quantities of suspended sediments or de- 
posit of sediments is desirable. Individual waters 
vary in the natural amounts of suspended sedi- 
ments they carry; therefore, no fixed recommen- 
dation can be made. Management decisions should 
be developed with reference to historical base line 
data concerning the individual body of water. 

VECTORS AND NUISANCE ORGANISMS 

The impact of both aquatic i.ectors of diseases and 
nuisance organisms on water-related recreational and aes- 
thetic pursuits varies from the creation of minor nuisances 
to the closing of large recreational areas (hlackenthun and 
Ingram 1967).5s Organisms of concern are discussed by 
hlackenthun (1969).5; 

hlassive emergences of non-liiting midges, phactom 
midges, caddisflies, and mayflies cause serious nuisances in 
shoreline communities. impeding road trafic, river navi- 
gation, commercial enterprises and recreational pursuits 
(Burks 1953,'O Fremling 1960a,46 19601,;" Hunt  and Bis- 
choff 1960;54 Provost 1958Gn). Human respiratory allergic 
reactions to aquatic insect bites have been recognized for 
many years. They \cere revie\\.ed by Henson (1 9G6)." \oh0 
reported the major causative groups to be the caddisflies, 
mayflies, and midges. 

Among common diseases transmitted by aquatic inverte- 
brates are encephalitis, malaria, and schistosomiasis, in- 
cluding swimmers' itch. The  principal water-related arthro- 
pod-borne viral disease of importance to public health in 
the United States is encephalitis, transmitted by mosquitoes 
(Hess and Holden 1958).5' Many polluted urban streams 
are ideally suited to production of large numbers of Culex 

futigans, a vector of St. Louis encephalitis in urban areas. 
Although running waters ordinarily are not suitable for 
mosquito breeding, puddles in drying stream beds and 
floodplains are excellent breeding sites for this and other 
species of Culex. If such pools contain polluted \vaten, 
organic materials present may serve as an increased food 
supply that will stimulate production (Hess 1956,so U.S. 
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Department of the Interior, FiVPCA 1967).65 Aquatic 
plants also provide breeding sites for some mosquitoes and 
other nuisance insects. This relationship is discussed else- 
where in this Section (p. 25). 

Other  than mosquitoes, perhaps the most common nui- 
sance insects associated with standing freshwater are chir- 
onomid midges. These insects neither bite nor carry disease, 
but their dense swarms can interfere with man's comfort 
and activities. Nuisance populations have occurred in pro- 
ductive natural lakes where the larvae thrive in the largely 
organic bottom sediments (Provost 1958," Hunt  and Bis- 
choff 1960,54 Hilsenhoff 1959).5* I n  poorly designed sewage 
lagoons mosquitoes and midges may thrive (Beadle and 
Harmstrom 1958,38 Kimerle and Enns 1968).56 Reservoirs 
receiving inadequately treated municipal wastes are po- 
tential sources for abundant mosquito and midge production 
(U.S. Department of the Interior, FiVPCA 1967).65 In- 
creased midge production may be associated with deterior- 
ation in water quality, but this is not always the case. For 
example, excessive production can occur in primary sewage 
oxidation ponds as well as in reservoirs (Grodhaus 1963,48 
Bay 196P)  ; and in sequential oxidation pond treatment, 
maximum midge production may sometimes occur in those 
ponds furthest from the plant efffuent where water quality 
is highest (Bay et  al. 1965).36 

Abrupt changes in water quality such as dilution of sea- 
water by freshwater, especially if accompanied by organic 
loading, can precipitate extraordinarily high midge pro- 
duction (Jamnback 1954).55 Sudden decline in oxygen 
supply in organically overloaded ponds or drying lakes can 
disrupt or destroy established faunal communities, thus 
favoring midge larvae because they are tolerant to low 
dissolved oxygen and are primarily detrital feeders (Bay 
unpublished data).67 

The physical characteristics of certain water bodies, as 
much as their water quality characteristics, may sometimes 
determine midge productivity (Bay et al. 1966).37 For 
example, freshly filled reservoirs are quickly sedimented 
with allocthanous detritus and airborne organic matter 
that provide food for invading midge larvae. The  rate of 
sedimentation can depend on watershed characteristics and 
basin percolation rate or, in the case of airborne sediment, 
on the surrounding topography. Predators in these new 
environments are few, and initial midge larval survival is 
high. Thomas (1970)" has also reported on the potential 
of newly or periodically flooded areas to produce large 
populations of midges and mosquitoes. 

Midge production in permanent bodies of water is ex- 
tremely variable. Attempts have been made (Hilsenhoff 
and Narf 1968,53 Florida State Board of Health unpublished 
data69) to correlate factors of water quality with midge 
productivity in neighboring lakes and in lakes with certain 
identifiable characteristics, but the results have been incon- 
clusive. 

- 

Organism response in organically polluted flowing water 
was discussed and illustrated by Bartsch and Ingram 
(1959)." As water quality and bottom materials change in 
streams recovering from organic waste discharges, large 
numbers of midges and other nuisance organisms may be 
produced in select reaches. 

Though blackfly larvae are common in unpolluted 
streams, a n  increase in suspended organic food particles 
may stimulate increased populations, and abnormally large 
numbers of larvae have been found downstream from both 
municipal and industrial waste discharges (U:S. Depart- 
ment of the Interior, FWPCA 1967).65 T h e  larvae feed on 
drifting organic material, and either municipal, agricultural, 
or certain industrial wastes can provide the base for a n  
increased food supply. Bacteria from soils and sewage may 
be important in outbreaks of blackflies (Fredeen 1964).45 

Toxic wastes can also affect situations where nuisance 
organisms are found in increased numbers. T h e  most 
obvious mechanism is the destruction of more sensitive 
predators and competitors, leaving the food supply and 
space available for the more tolerant forms. Surber ( 1959)6a 
found increased numbers of a tolerant midge, Cricotopus 
bicinctus, in waters polluted with chromium. Rotenone 
treatment of waters has resulted in temporary massive 
increases in blackfly and midge populations (Cook and 
Moore 1969)." Increased numbers of midge larvae were 
found in a stream reach six months after a gasoline spill 
(Bugbee and Walter 1972).68 T h e  reasons for this are not 
clear but may be linked to the more ready invasion of a n  
area by these highly mobile insects as compared to less 
mobile competitors and predators. 

Persons involved in water-based activities in many areas 
of the world are subject to bilharziasis (schistosomiasis), a 
debilitating and sometimes deadly disease (World Health 
Organization 1959).66 This is not a problem in the conti- 
nental United States and Hawaii because of the absence of 
a vector snail, but schistosomiasis occurs in Puerto Rico 
due to the discharge of human feces containing Schisfosoma 
eggs into waters harboring vector snails, the most important 
species being Biomphalaria glabrata. B. glabrata can survive 
in a wide range of water quality, including facultative 
sewage lagoons; and people are exposed through contact 
with shallow water near the infected snails. Cercariae shed 
by the snail penetrate the skin of humans and enter the 
bloodstream. 

Of local concern in water-contact recreation in  the 
United States is schistosome dermatitis, or swimmers' itch 
(Cort 1928,' Mackenthun and  Ingram 1967,58 Fetteroif 
et al. 1970)." A number of schistosome cercariae, non- 
specific for humans, are able to enter the outer layers of 
human skin. The reaction causes itching, and the severity 
is related.to the person's sensitivity and prior exposure 
history (Oliver 1949)." The most important of the derma- 
titis-producing cercariae are duck parasites (Trichobilhar<ia). 
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Snails serving as intermediate hosts include L.mnaca, &sa, 
and Gjvaulus (Cort 1950).4a Although swimmers' itch has 
wide distribution, in the United States it is principally 
endemic to the north central lake region. Occasional inci- 
dence is reported in marine waters (Stunkard and Hinchliffe 
1952).62 

About 90 per cent of severe swimmers' itch outbreaks are 
associated with Cercaria dagnicolac shed from varieties of the 
snail Lymnaea emarginata. This relationship is promoted by 
(1) clean, sandy beaches ideal for swimming and preferred 
by the snail; (2) peak populations of the snail host that 
develop in sandy-bottomed lakes of glacial origin ; (3) the 
greatest development of adult snails that do not die off 
until toward the end of the bathing season; and (4) the 
cycle of cercarial infection so timed that the greatest num- 
bers of cercariae emerge during the hot weather in the 
middle of the summer when the greatest amount of bathing 
is done (Brackett 1941).a9 Infected vector snails are also 
found throughout the United States in swamps, muddy 
ponds, and ditches; but dermatitis rarely results, because 
humans seldom use these areas without protective clothing. 

In some marine recreational waters jellyfish or sea nettles 
are Serious problems. Some species possess stinging mecha- 
nisms whose cnidoblast filaments can penetrate human skin 
causing painful, inflammed weals. The effects of water 
quality on their abundance is not known, but Schultz and 
Cargo (1971)b1 reported that the summer sea nettle, 
ChryJaora quinquecirrha, has been a problem in Chesapeake 
Bay since colonial days. When these nettles are abundant, 
swimming is practically eliminated and fishermen's nets 
and traps are clogged. 
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Conclusion 

The role of water quality in either limiting or 
augmenting the production of vector and nuisance 
organisms involves many interrelationships which 
are not clearly understood. Since organic wastes 
generally directly or indirectly increase biomass 
production, there may be an attendant increase 
in vector or nuisance organisms. Some wastes 
favor their production by creating water quality 
or habitat conditions that limit their predators 
and competitors. Increased production of vector 
and nuisance organisms may degrade a healthy 
and desirable human environment and be ac- 
companied by a lessening of recreational and aes- 
thetic values (see the discussion of Aquatic Life 
and Wildlife in this Section, p. 35.) 

EUTROPHICATION AND NUTRIENTS 

Man's recent concern with eutrophy relates primarily to 
lakes, reservoirs, rivers, estuaries, and coastal waters that 
have been or are being over-fertilized through society's 

carelessness to a point where beneficial uses are impaired 
or threatened. With increasing urbanization, industriali- 
zation, artificial soil fertilization, and soil mantle disruption, 
eutrophication has become a serious problem affecting the 
aesthetic and recreational enjoyment of many of the nation's 
waters. 

Deflning Eutrophication and Nutrients 

Lakes have been classified in accordance with their 
trophic level or bathymetry as eutrophic, oligotrophic, 
mesotrophic, or dystrophic (National Academy of Sciences 
1969,g' Russell-Hunter 197O,lo5 Warren 1971 Stewart 
and Rohlich 1967).lo7 A typical eutrophic lake has a high 
surface-to-volume ratio, and an abundance of nutrients 
producing hea\y growth of aquatic plants and other vege- 
tation ; i t  contains highly organic sediments, and may have 
seasonal or continuous low dissolved-oxygen concentrations 
in its deeper waters. A typical oligotrophic lake has a low 
surface-to-volume ratio, a nutrient content that supports 
only a low level of aquatic productivity, a high dissolved- 
oxygen concentration extending to the deep waters, and 
sediments largely inorganic in composition. The character- 
istics of mesotrophic lakes lie between those of eutrophic 
and oligotrophic lakes. A dystrophic lake has waters brown- 
ish from humic materials, a relatively low pH, a reduced 
rate of bacterial decomposition, bottom sediments usually 
composed of partially decomposed vegetation, and low 
aquatic biomass productivity. Dystrophication is a lake- 
aging process difTerent from that of eutrophication. Whereas 
the senescent stage in eutrophication may be a productive 
marsh or swamp, dystrophication leads to a peat,bog rich 
in humic materials but low in productivity. 

Eutrophication refers to the addition of nutrients to 
bodies of water and to the effects of those nutrients. The 
theory that there is a natural, gradual, and steady increase 
in external nutrient supply throughout the existence of a 
lake is widely held, but there is no support for this idea of 
natural eutrophication (Beeton and Edmondson 1972)." 
The paleolimnological literature supports instead a concept 
of trophic equilibrium such as that introduced by Hutchin- 
son ( 1969).01 According to this concept the progressive 
changes that occur as a lake ages constitute an ecological 
succession effected in part by the change in the shape of the 
basin brought about by its filling. As the basin fills and the 
volume decreases, the resulting shallowness increases the 
cycling of available nutrients and this usually increases 
plant production. 

There are many naturally eutrophic lakes of such recre- 
ational value that extensive efforts have been made to con- 
trol their overproduction of nuisance aquatic plants and 
algae. In the past, man has often accepted as a natural 
phenomenon the loss or decreased value of a resource 
through eutrophication. He has drained shallow, Senescent 
lakes for agricultural purposes or filled them to form building 
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sites. The  increasing value of lakes for recreation, however, 
will reorder man’s priorities, and instead of accepting such 
alternative uses of lakes, he will divert his reclamation 
efforts to salvaging and renovating their recreational values. 

Artificial or cultural eutrophication results from increased 
nutrient supplies through human activity. Many aquatic 
systems have suffered cultural eutrophication in the past 
50 years as a consequence of continually increasing nutrient 
loading from the wastes of society. Man-induced nutrients 
come largely from the discharge of municipal and industrial 
wastewaters and from the land runoff effects of agricultural 
practices and disruption of the soil mantle and its vege- 
tative cover in the course of land development and con- 
struction. If eutrophication is not to become the future 
major deterrent to the recreational and aesthetic enjoyment 
of water, i t  is essential that unnatural additions of nutrients 
be kept out of water bodies through improved wastewater 
treatment and land management. 

Effects of Eutrophication and Nutrients 

Green Lake, a lowland lake with high recreation use in 
Seattle, is a n  example of a natural eutrophic lake (Sylvester 
and Anderson I 96O),lw formed some 25,000 years ago after 
the retreat of the \‘ashon glacier. During the ensuing 
years, about two-thirds of the original lake volume was 
filled with inorganic and organic sediments. A core taken 
near the center of the lake to a sediment depth of 20.5 feet 
represented a sediment accumulation over a period of ap- 
proximately 6,700 years. Organic, nutrient, and chlorophyll 
analyses on samples from the different sediment depths 
indicated a relatively constant rate of sedimentation, sug- 
gesting that Green Lake has been in a natural state of 
eutrophy for several thousands of years. 

T h e  recreational and aesthetic potential of the lake was 
reduced for most users by littoral and emergent vegetation 
and by heavy blooms of blue-green algae in late summer. 
T h e  aquatic weeds provided harborage for production of 
mosquitoes and interfered with boating, swimming, fishing, 
access to the beach, and model boat activities. The  heavy, 
blue-green algal blooms adhered to swimmers. The wind 
blew the algal masses onto the shore where they decomposed 
with a disagreeable odor. They dried like a blue-green paint 
on  objects along the shoreline, rendered boating and fishing 
unattractive, and accentuated water line marks on boats. 

Nevertheless, through the continuous addition of low- 
nutrient dilution water by the City of Seattle (Oglesby 
1969),98 Green lake has heen reclaimed through a reversal 
of the trophic development to mesotrophic and is now 
recreationally and aesthetically acceptable. 

Lake Washington is an example of a large, deep, oligo- 
trophic-mesotrophic lake that  turned eutrophic in about 
35 years, primarily through the discharge of treated and 
untreated domestic sewage. Even to laymen, the change 
was rapid, dramatic, and spectacular. In  the period of a 
year, the apparent color of the lake water turned from 

bluish-green to rust as a result of massive growths of the 
blue-green alga, Oscillatoria rubescens. This threat to aesthetic 
and recreational enjoyment was a key factor in voter ap- 
proval of Metro, a metropolitan sewer district. iMetro has 
greatly reduced the nutrient content of the lake and conse- 
quent algal growth by diverting wastewater discharges out 
of the drainage basin (Edmondson 1969,82 1970).35 

Lake Sammamish at the northern inlet of Lake W’ash- 
ington appeared to be responding to the enrichment it 
received from treated sewage and other nutrient waste, 
although it had not yet produced nuisance conditions to 
the extent found in Lake Washington (Edmondson 1970).8a 
However, subsequent diversion of that waste by Metro has 
resulted in little or no detectable recovery in three years, a 
period that proved adequate for substantial recovery in 
Lake ivashington (Emery et al. 1972).*j Lake Sebasticook, 
Maine, affords another example of undesirable enrichment. 
Although previously in an acceptable condition, it became 
obnoxious during the 1960’s in response to sewage and a 
wide variety of industrial wastes (HE\V 1966).’12 T h e  
nutrient income of Lake LVinnisquam, Xew Hampshire, 
has heen studied to determine the cause of nuisance blooms 
of blue-green algae (Edmondson 1969).82 The well-known 
lakes at Madison, LVisconsin, including Llonona, \\‘auhesa, 
and blendota, have been the object of detailed studies of 
nutrient sources and their deteriorating effect on water 
quality (Sawyer 1947,108 Mackenthun et al. 1960,95 Ed- 
mondson 1961,50 1968).81 

.A desirable aspect of eutrophication is the ability of 
mesotrophic or slightly eutrophic lakes typically to produce 
greater crops of fish than their oligotrophic or nutrient-poor 
counterparts. A s  long as nuisance blooms of algae and 
extensive aquatic weed beds d o  not hinder the growth of 
desirable fish species or obstruct the mechanics and aes- 
thetics of fishing or other beneficial uses, some enrichment 
may be desirable. Fertilization is a tool in commercial and 
sport fishery management used to produce greater crops of 
fish. Many prairie lakes in the east slope foothills of the 
Rocky Mountains would be classed as eutrophic according 
to the characteristics discussed below, yet many of these 
lakes are exceptional trout producers because of the high 
natural fertility of the prairie (Sunde et al. 1970).’08 As a n  
example of a n  accepted eutrophic condition, their waters 
are dense with plankton, but few would consider reducing 
the enrichment of these lakes. 

Streams and estuaries, as well as lakes, show symptoms 
of over-enrichment, but there is less opportunity for buildup 
of nutrients because of the continual transport of water. 
Although aquatic growths can develop to nuisance pro- 
portions in s t r e a m  and estuaries m a result of over-enrich- 
ment, manipulation of the nutrient input can modify the 
situation more rapidly than in lakes. 

Man’s fertilization of some rivers, estuaries, and marine 
embayments has produced undesirable aquatic growths of 
algae, water weeds, and slime organisms such as Cladophora, 
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Ulva,  Potornogeton, and Sphaerotilus. I n  addition to interfering 
with other uses, as in clogging fishing nets with slime 
(Lincoln and Foster 1943):‘ the accompanying \vater- 
quality changes in some instances upset the natural fauna 
and flora and cause undesirable shifts in the species compo- 
sition of the community. 

Determination of Trophic Conditions 

I t  should be emphasized that (a) eutrophication has a 
significant relationship to the use of water for recreational 
and aesthetic enjoyment as well as the other water uses 
discussed in this book; (b) this relationship may be desirable 
or undesirable, depending upon the type of recreational 
and aesthetic enjoyment sought; and (c) the possible dis- 
advantages or advantages of eutrophication may be viewed 
subjectively as they relate to a particular water use. There 
are no generally accepted guidelines for judging whether a 
state of eutrophy exists or by what criteria it may be meas- 
ured, such as production of biomass, rate of productivity, 
appearance, or change in water quality. Ranges in primary 
productivity and oxygen deficit have been suggested as 
indicative of eutrophy, mesotrophy, and oligotrophy by 
Edmondson (1970)83 and Rodhe (1969),lo4 but these ranges 
have had no official recognition. 

T h e  trophic state and natural ratc of eutrophication that 
exists, or would exist, in the absence of nian’s activities is 
the basis of reference in judging man-induccd eutrophi- 
cation. The  determination of the natural state in many 
water bodies will require the careful esamination of past 
data, referral to published historical accounts, recall by 
“old-timers,” and perhaps the examination of sediment 
cores for indicator species and chemical composition. The  
following guidelines are suggested in determining the refer- 
ence trophic states of lakes or detecting changes in trophic 
states. Determination of the reference trophic state ac- 
companied by studies of the nutrient budget may reveal 

‘that the lake is already in a n  advanced state of eutrophy. 
For temperate lakes! a significant change in indicator com- 
munities or a significant increase in any of the other four 
indices, detectable over a five-year period or less, is con- 
sidered sufficient evidence that accelerated eutrophication 
is occurring. An undetectable change over a shorter period 
would not necessarily indicate a lack of accelerated eutrophi- 
cation. A change detectable only after five years may still 
indicate unnaturally accelerated eutrophication, but five 
years is suggested as a realistic maximum for the average 
rtionitoring endeavor. Where cultural eutrophication is SUS- 

petted and changes in  indices are not observable, analysis 
of sediment cores may be necessary to establish the natural 
state. The dynamic characteristics and  individuality of 
lakes may produce exceptions to these guidelines. They are 
not infallible indicators of interference with recreation, but 
for now they may serve as a beginning, subject to modifi- 
cation as more complete data  on the range of trophic con- 
ditions and their associated effects bexome available. 

Primary Productivity Ranges in the photosynthetic 
rate, measured by radioactive carbon assimilation, have 
been suggested by Rodhe (1969)’”‘ as indicative of trophic 
conditions (Table 1-2). 

Chlorophyll a is used as a versatile measure 
of algal biomass. The  ranges presented for mean summer 
chlorophyll u concentration determined in epilim’netic water 
supplies collected at  least biweekly and analyzed according 
to Standard Methods (.4merican Public Health ASSOC., 
American \\’ater \\'arks ASSOC., and \\‘ater Pollution Con- 
trol Federation 1971)” are indices of the trophic stage of a 
lake : oligotrophic, 0-4 mg chlorophyll a/m3; eutrophic, 
10-100 mg chlorophyll a,’mJ. 

These ranges are suggested after reviewing data  on 
chlorophyll concentrations and other indicators of trophic 
state in several lakes throughout the United States and 
Canada. Of greatest significance are data  from Lake \$*ash- 
ington which show that during peak enrichment, mean 
summer chlorophyll a content rose to about 27 mg/m3 and  
that the lake was definitely eutrophic. The  post nutrient 
diversion summer mean declined to about 7 mg/m3, and 
the lake is now more typically mesotrophic (Edmondson 
1970 ;63 chlorophyll a values corrected to conform to recent 
analytical techniques). Unenriched and relatively lo\\ pro- 
ductive lakes at higher elevations in the Lake IVashington 
drainage basin show mean summer chlorophyll a contents 
of 1 to 2 mg/m3. Moses Lake, which can be considered 
hypereutrophic, shows a summer mean of 90 mg/m3 
chlorophyll a (Bush and \\‘elch 1972).’6 

Criteria for rate of depletion of hy- 
polimnetic osygen in relation to trophic state were reported 
by h4ortimer (1941)96 as follows: 

Biomass 

Oxygen Deficit 

oligotrophic eutrophic 

<250 mg 02,/m2/day > 550 mg 02/m?/day 

This is the rate of depletion of hypolimnetic oxygen de- 
termined by the change in mean concentration of hypolim- 
netic oxygen per unit time multiplied by the mean depth 
of the hypolimnion. The observed time interval should be 
at least a month, preferably longer, during summer stratifi- 
cation. 

TABLE &+Ranges in Photosynthetic Rote for Primary 
Productivity Determinations. 
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Indicatoe Communities T h e  representation of cer- 
tain species in a community grouping in fresh water en- 
vironments is often a sensitive indicator of the trophic state. 
Nutrient enrichment in streams causes changes in the size 
of faunal and floral populations, kinds of species, and 
numbers of species (Richardson 1928,'Oa Ellis 1937,8' Patrick 
1949,99 Tarzwell and Gaufin 1953"O). For example, in a 
stream typical of the temperate zone in the eastern United 
States degraded by organic pollution the following shifts 
in aquatic communities are  often found: in the zone of 
rapid decomposition below a pollution source, bacterial 
counts are increased; sludgeworms (Tubificidae), rattail 
maggots (Eristalis tenax) and bloodworms (Chironomidae) 
dominate the benthic fauna; and blue-green algae and the 
sewage fungus (Sphanotilus) become common (Patrick 
1949,w Tarzwell and Gaufin 1953,"O Patrick et  al. 1967'"''). 
Various blue-green algae such as Schizothrix calcicola, Micro- 
coleus uaginatus, Microcystis aeruginosa, and Anabaena sp. are 
commonly found in nutrient-rich waters, and blooms of 
these and other algae frequently detract from the aesthetic 
and recreational value of lakes. Diatoms such as Nitzschia 
paha,  Gomphonrma paroulum, Nacicula cyptocephala, Cyclotella 
meneghiniana, and hlelosira varians are a l ~ o  often abundant 
in nutrient-rich water (Patrick and Reimer 1966).'O' Midges, 
leeches, blackfly larvae, Physa snails, and fingernail clams 
are frequently abundant in the recovery zone. 

Nutrients Chemicals necessary to the growth and 
reproduction of rooted or floating flowering plants, ferns, 
algae, fungi, or bacteria are considered to be nutrient 
chemicals. A11 these chemicals are not yet known, but those 
that have been identified are classified as macronutrients, 
trace elements or micronutrients, and organic nutrients. 
T h e  macronutrients are calcium, potassium, magnesium, 
sodium, sulfur, carbon and carbonates, nitrogen, and phos- 
phorus. T h e  micronutrients are silica, manganese, zinc, 
copper, molybdenum, boron, titanium, chromium, cobalt, 
and perhaps vanadium (Chu 1942," Arnon and IVessell 
1953," Hansen et  al. 1954)." Examples of organic nutrients 
are biotin, BIZ, thiamine, and glycylglycine (Droop 1962)." 
Some of the amino acids and simple sugars have also been 
shown to be nutrients for heterotrophs or partial hetero- 
trophs. 

Plants vary as to the amounts and kinds of nutrients they 
require, and as a result one species or group of species of 
algae or aquatic plants may gain dominance over another 
group because of the variation in concentration of nutrient 
chemicals. Even though all the nutrients necessary for 
plant growth are present, growth will not take place unless 
environmental factors such as light, temperature, and sub- 
strate are  suitable. Man's use of the watershed also in- 
fluences the sediment load and nutrient levels in surface 
waters (Leopold et  al. 1964;) Bormann and Likens 1967).'5 

Thomas (1953)''' found that the important factor in 
artificial eutrophication was the high phosphorus content 
of domestic wastes. Nitrogen became the limiting growth 
factor if the algal demand for phosphorus was met. Nu- 

merous studies have verified these conclusions (American 
Society of L i m n o l o ~  and Oceanography 1972).r1 

Sawyer (1947)'O' determined critical levels of inorganic 
nitrogen (300 pg/l N) and  inorganic phosphorus (10 rg/ l  
P) a t  the time of spring overturn in Wisconsin lakes. If 
exceeded, these levels would probably produce nuisance 
blooms of algae during the summer. Nutrient concentrations 
should be maximum when measured a t  the spring overturn 
and at the start of the growing season. Nutrient concen- 
trations during active growth periods may only indicate 
the difference between amounts absorbed in biomass (sus- 
pended and settled) and the initial amount biologically 
available. T h e  values, therefore, would not be indicative 
of potential algal production. Nutrient content should be 
determined at least monthly (including the time of spring 
overturn) from the surface, middepth,  and bottom. These 
values can be related to water volume in each stratum, and 
nutrient concentrations based on total lake volume can be 
derived. 

One  of the most convincing relationships between maxi- 
mum phosphate content a t  the time of lake overturn and 
eutrophication as indicated by algal biomass has been 
shown in Lake Washington (Edmondson 1970).8a During 
the years when algal densities progressed to nuisance levels, 
mean winter PO,-P increased from 10-20 Pg/l to 57 pg/I. 
Following diversion of the sewage mean PO,-P decreased 
once again to the preenrichment level. Correlated with the 
P04-P reduction was mean summer chlorophyll a content, 
which decreased from a mean of 27 pg/l a t  peak enrichment 
to less than 10 pg/1, six years after diversion was initiated. 

Although difficult to assess, the rate of nutrient inflow 
more closely represents nutrient availability than does 
nutrient concentration because of the dynamic character 
of these nonconservative materials. Loading rates are usually 
determined annually on the basis of monthly monitoring of 
water flow, nutrient concentration in natural surface and 
groundwater, and wastewater inflows. 

Vollenweider ( 1968)'1s related nutrient loading to mean 
depths for various well-known lakes and identified trophic 
states associated with induced eutrophication. These find- 
ings showed shallow lakes to be clearly more sensitive to 
nutrient income per unit area than deep lakes, because 
nutrient reuse to perpetuate nuisance growth of algae in- 
creased as depth decreased. From this standpoint nutrient 
loading was a more valid criterion than nutrient concen- 
tration in judging trophic state. Examples of nutrient load- 
ings which produced nuisance conditions were about 0.3 
g / m * / p  P and 4 g/m2/yr N for a lake with a mean depth 
of 20 meters, and about 0.8 g/mz/yr P and 1 I g/mz/yr N 
for a lake with a mean depth of 100 meters. 

These suggested criteria apply only if other requirements 
of algal growth are met, such as available light and water 
retention time. If these factors limit growth rate and the 
increase of biomass, large amounts of nutrients may move 
through the system unused, and nuisance conditions may 
not occur (Welch 1969)."5 
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Carbon (C) is required by aU photosynthetic plants. I t  
may be in the form of COz in solution, HCO;, or COY. 
Carbamine carboxylate, which may form by the complexing 
of calcium or other carbonates and amino compounds in 
alkaline water, is an efficient source of C 0 2  (Hutchinson 
1967).m Usually carbon is not a limiting factor in water 
(Goldman et al. 1971).ss However, King (1970)02 estimated 
that concentrations of COS less than 3 micromoles at equi- 
librium favored blue-green algae, and concentrations greater 
than this favored green algae. 

Cations such as calcium, magnesium, sodium, and po- 
tassium are required by algae and higher aquatic plants 
for growth, but the optimum amounts and ratios vary. 
Furthermore, few situations exist in which these would be 
in such low supply as to be limiting to plants. Trace ele- 
ments either singly or in combination are important for the 
growth of algae (Goldman 1964).86 For example molyb- 
denum has been demonstrated to be a limiting nutrient in 
Castle Lake. Deficiencies in trace elements are more likely 
to occur in oligotrophic than in eutrophic waters (Goldman 
1972) 

The vitamins important in promoting optimum growth 
in algae are biotin, thiamin, and B12. All major groups 
require one or more of these vitamins, but particular species 
may or may not require them. As Provasoli and D’Agostino 
(1969)IM pointed out, little is known about the requirement 
for these vitamins for growth of algae in polluted water. 

Under natural conditions it is difficult to determine the 
effect of change in concentrations of a single chemical on 
the growth of organisms. The principal reasons are that 
growth results from the interaction of many chemical, 
physical, and biological factors on the functioning of an 
organism; and that nutrients arise from a mixture of chemi- 
cals from farm, industrial, and sanitary wastes, and runoff 
from fields. However, the increase in amounts and types of 
nutrients can be traced by shifts in species forming aquatic 
communities. Such biotic shifts have occurred in western 
Lake Erie (Beeton 1969).73 Since 1900 the watershed of 
western Lake Erie has changed with the rapidly increasing 
human population and industrial development, as a result 
of which the lake has received large quantities of sanitary, 
industrial, and agricultural organic wastes. The lake has 
become modified by increased concentrations of dissolved 
solids, lower transparency, and low dissolved oxygen concen- 
tration. Blooms of blue-green algae and shifts in inverte- 
brate populations have markedly increased in the 1960’s 
(Davis 1964,78 Beeton 1969).” 

Summary of Measurement of Nutrient Enrichment 

richment or its effects: 
Several conditions can be used to measure nutrient en- 

a steady decrease over several years in the dissolved 
oxygen content of the hypolimnion when measured 
prior to fall overturn, and an increase in anaerobic 
areas in the lower portion of the hypolimnion; 

0 an increase in dissolved materials, especially nu- 
trients such as nitrogen, phosphorus, and simple 
carbohydrates ; 
an increase in suspended solids, especially organic 
materials; 

0 a shift in the structure of communities of aquatic 
organisms involving a shift in kinds of species and 
relative abundances of species and biomass; 
a steady though slow decrease in light penetration ; 

0 an increase in organic materials and nutrients, es- 

0 increases in total phosphorus in the spr:ng of rhe 
pecially phosphorus, in bottom deposits: 

year. 

Recommendations 

The principal recommendations for aesthetic and 
recreational uses of lakes, ponds, rivers, estuaries, 
and near-shore coastal waters are that these uses 
continue to be pleasing and undiminished by ef- 
fects of cultural activities that increase plant nu- 
trients. The trophic level and natural rate of 
eutrophication that exists, or would exist, in these 
waters in the absence of man’s activities is con- 
sidered the reference level and the commonly de- 
sirable level to be maintained. Such water should 
not have a demonstrable accelerated production 
of algae growth in excess of rates normally ex- 
pected for the same type of waterbody in nature 
without man-made influences. 

The concentrations of phosphorus and nitrogen 
mentioned in the text as leading to accelerated 
eutrophication were developed from studies for 
certain aquatic systems: maintenance of lower 
concentrations may or may not prevent eutrophic 
conditions. All the factors causing nuisance plant 
growths and the level of each which should not be 
exceeded are not known. However, nuisance 
growths will be limited if the addition of a l l  wastes 
such as sewage, food processing, cannery, and in- 
dustrial wastes containing nutrients, vitamins, 
trace elements, and growth stimulants are care- 
fully controlled and nothing is added that causes 
a slow overall decrease of average dissolved oxygen 
concentration in the hypolimnion and an increase 
in the extent and duration of anaerobic conditions. 

AQUATIC VASCULAR PLANTS 

Aquatic vascular plants affect water quality, other aquatic 
organisms, and the uses man makes of the water. Generally, 
the effects are inversely proportional to the volume of the 
water body and directly proportional to the use man wishes 
to make of that water. Thus the impact is often most 
significant in marshes, ponds, canals, irrigation ditches, 
rivers, shallow lakes, estuaries and embayments, public 
water supply sources, and man-made impoundments. Dense 
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growths of aquatic vascular plants are not necessarily due 
to human alteration of the environment. Where an ap- 
propriate environment for plant growth occurs, it is ex- 
tremely difficult to prevent the growth without changing 
the environment. Addition of plant nutrients can cause 
aquatic vascular plants to increase to nuisance proportions 
in waters where natural fertility levels are insufficient to 
maintain dense populations (Lind and Cottam 1969)."' I n  
other waters where artificial nutrient additions are not a 
problem, natural fertility alone may support nuisance 
growths (Frink 1967).IJ5 

Interrelationships With Water Quality 

Through their metabolic processes, manner of growth, 
and eventual decay, aquatic vascular plants can have sig- 
nificant effects on such environmental factors as dissolved 
oxygen and carbon dioxide, carbonate and bicarbonate 
alkalinity, pH, nutrient supplies, light penetration, evapo- 
ration, water circulation, current velocity, and sediment 
composition. The difficulty in understanding the inter- 
relationships. among plant growth and water quality is 
described in part by Lathwell et al. (1969).14' Diurnal 
oxygen rhythm with maximum concentrations in the after- 
noon and minimums just before dawn is a universally- 
recognized limnological phenomenon, and metabolic ac- 
tivities of vascular plants can contribute to these rhythms. 
The effect of aquatic plants on dissolved oxygen within a 
reach of stream at a particular time of day is a function of 
the plant density and distribution, plant species, light in- 
tensity, water depth, turbidity, temperature, and ambient 
dissolved oxygen. Oxygen production is proportional to 
plant density only to a certain limit; when this limit is 
exceeded, net oxygen production begins to decrease and, 
with increasing density, the plants become net oxygen con- 
sumers (Owens et al. 1969).'j9 It is hypothesized that this 
phenomenon occurs because the plants become so dense 
that some are shaded by other overlying plants. Westlake 
(1966)17J developed a model for predicting the effects of 
aquatic vascular plant density and distribution on oxygen 
balance which demonstrates that if the weeds are concen- 
trated within a small area, the net effect of the weeds may 
be to consume more oxygen than that produced, even 
though the average density may be relatively low. 

After reviewing the literature on the direct effects of 
plants on the oxygen balance, Sculthorpe (1967)16? con- 
cluded that the extent of o.xygen enrichment at all sites 
varies with changing light intensity, temperature, and plant 
population density and distribution. On a cloudy, cool day 
community respiration may exceed even the maximum 
photosynthetic rate. Although vigorous oxygen production 
occurs in the growing season, the plants eventually die and 
decay, and the resulting oxygen consumption is spread over 
the cooler seasons of the year. 

Light penetration is significantly reduced by dense stands 
of aquatic vascular plants, and this reduces photosynthetic 

rates at shallow depths. Buscemi (1958)lD found that under 
dense beds of Elodea tfie dissolved oxygen concentration 
fell sharply with depth and marked stratification was pro- 
duced. Severe oxygen depletion under floating mats of 
water hyacinth (Lynch et al. 1947),lJ0 duckweed and water 
lettuce (Yount 1963)l'O have occurred. Extensive covers of 
floating or emergent plants shelter the surface from the 
wind, reduce turbulence and reaeration, hinder mixing, 
and promote thermal stratification. Dense growths of phyto- 
plankton may also shade-out submerged macrophytes, and 
this phenomenon is used to advantage in fisheries pond 
culture. Fertilization of ponds to promote phytoplankton 
growth is recommended as a means of reducing the standing 
crop of submerged vascular plants (Swingle 1947,16' Surber 
1 96 I l e e ) .  

Interrelationships of plants with water chemistry were 
reported by Straskraba (1965)"j5 when foliage of dense 
populations of Jvuphar, Ceratophyllum, and iMyiophyllum were 
aggregated on the surface. He found pronounced stratifi- 
cation of temperature and chemical factors and reported 
that the variations of oxygen, pH, and alkalinity were 
clearly dependent on the photosynthesis and respiration of 
the plants. Photosynthesis also involves carbon dioxide, and 
Sculthorpe (1967)162 found that for every rise of 2 mg/l of 
dissolved oxygen the total carbon dioxide should drop 
2.75 mg/l and be accompanied by a rise in the pH. A rise 
in p H  will allow greater concentrations of un-ionized am- 
monia (see Freshwater Aquatic Life, p. 140). 

Hannan and Anderson ( 1971)13' studied diurnal oxygen 
balance, carbonate and bicarbonate alkalinity and pH on a 
seasonal basis in two Texas ponds less than 1 m deep which 
supported dense growths of submerged rooted macrophytes. 
One pond received seepage water containing free carbon 
dioxide and supported a greater plant biomass. This pond 
exhibited a diurnal dissolved-oxygen range in summer from 
0.8 to 16.4 mgjl, and a winter range from 0.3 to 18.0 mg/l. 
The other pond's summer diurnal dissolved-oxygen range 
was 3.8 to 14.9 mg/l and the winter range was 8.3 to 12.3 
mg/l. They concluded that (a) when macrophytes use bi- 
carbonate as a carbon source, they liberate carbonate and 
hydro.xy1 ions, resulting in an increase in pH and a lowered 
bicarbonate alkalinity; and (b) the pH of a macrophyte 
community is a function of the carbon dioxide-bicarbonate- 
carbonate ionization phenomena as altered by photosynthe- 
sis and community respiration. 

Dense colonies of aquatic macrophytes may occupy up  
to 10 per cent of the total volume of a river and reduce the 
maximum velocity of the current to less than 75 per cent 
of that in uncolonized reaches (Hillebrand 1950,139 as re- 
ported by Sculthorpe 1967162). This can increase sediment 
deposition and lessen channel capacity by raising the sub- 
strate, thus increasing the chance of flooding. Newly de- 
posited silt may be quickly stabilized by aquatic plants, 
further dec t ing  flow. 
Loss of water by transpiration varies between species and 
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growth forms. Otis (1914)158 showed that the rate of tran- 
spiration of A5mphara odorota was slightly less than the rate 
of evaporation from a free water surface of equivalent area, 
but that of several emergent species was u p  to three times 
greater. Sculthorpe (1967)"* postulated that transpiration 
from the leaves of free-floating rosettes could be at  rates six 
times greater than evaporation from an equivalent water 
surface. Loss of water through water hyacinth was reported 
by Das (1969)133 at 7.8 times that of open water. 

Interrelationships With Other Biota 

Aquatic macrophytes provide a direct or indirect source 
of food for aquatic invertebrates and fish and for wildlife. 
The  plants provide increased substrate for colonization by 
epiphytic algae, bacteria, and other microorganisms \\.hich 
provide food for the larger invertebrates which, in turn, 
provide food for fish. Sculthorpe (1967)16* presented a well- 
documented summary of the importance of a wide variety 
of aquatic macrophytes to fish, birds, and mammals. Sago 
pondweed (Potarnogefon pectinatus) illustrates the opposite 
extreme in man's attitude tottvard aquatic macrophytes: 
Timmons (1966)168 called i t  the most nosious plant in 
irrigation and drainage ditches of the American west, 
whereas h4artin and Uhler ( 1939)Ih5 considered i t  the most 
important duck food plant in the United States. 

Aquatic vegetation and flotage breaking the water surface 
enhance mosquito production by protecting larvae from 
wave action and aquatic predators and interfering with 
mosquito control procedures. Two major vectors of malaria 
in the United States are .4nophdes quadirmacula1us east of the 
Rocky Mountains, and A .  frerbornr to the west (Carpenter 
and L a  Casse 1955).13" Anopheline mosquitoes are generally 
recognized as permanent pool breeders. The more important 
breeding sites of these t\vo mosquitoes are freshwater lakes, 
swamps, marshes, impoundment margins, ponds, and seep- 
age areas (Carpenter and La Casse 1955).I3O T h e  role of 
various aquatic plant types in relation to the production 
and control of A .  quadrimaculalus on artificial ponds and 
reservoirs indicates that the greatest problems are created 
by macrophytes that are (1) free-floating, (2) submersed 
and anchored but which break the water surface, (3) floating 
leaf anchored, and (4) emersed floating-mat anchored (U.S. 
Department of Health, Education, and \$'elfare, Public 
Health Service, and Tennessee Valley Authority 1947) .I6$ 
I n  addition to vector mosquitoes, pestiferous mosquitoes 
develop in association with plant parts in shoreline areas. 
Jenkins ( 1964)14? provided a n  annotated list and  bibli- 
ography of papers dealing with aquatic vegetation and 
mosquitoes. 

Generally, submersed vascular plants have lower nutrient 
requirements than filamentous algae or phytoplankton 
(Mulligan and Baranowski 1 969).15' Plants with root systems 
in the substrate d o  not have to compete with phytoplankton, 
periphyton, or non-rooted macrophytes for the phosphorus 
in the sediments. 

Boyd (1971b),*26 relating his earlier work on emergent 
species (Boyd 1969,'" 1970a,123 1971a125) to that of Stake 
(1967,163 196816') on submerged species, stated that in the 
southern United States most of the total net nutrient ac- 
cumulation by aquatic vascular plants occurs by midspring 
before peak dry matter standing crop is reached, and that 
nutrients stored during early spring growth are utilized for 
gro\\.th later. Thus nutrients are removed from the environ- 
ment early in the season, giving the vascular hydrophytes 
a competitive advantage over phytoplankton. Boyd ( 1  967)12' 
also reported that the quantity of phosphorus in aquatic 
plants frequently exceeds that of the total water volume. 
These phenomena may account for the high productivity 
in terms of macrophytes which can occur in infertile waters. 
Hon.ever, if the dissolved phosphorus level is not a limiting 
factor for the phytoplankton, the ability to utilize sediment 
phosphorus is not a competitive advantage for rooted plants. 

Further interaction between aquatic vascular plants and 
phytoplankton has been demonstrated recently in studies 
shouing that concentrations of dissolved organic matter can 
control plant growth in lakes by regulating the availability 
of trace metals and other nutrients essential to plant photo- 
synthesis. An array of organic-inorganic interactions shown 
to suppress plant growth in hard\vater lakes (\\'etzel 1 969,17' 
1971i7j) appear to operate in other lake types and streams 
(Breger 1970,'*' Malcolm et at. 1970,15? Allen I971 'I6). 
\\'etzel and Allen in press (1971)'76 and \\'etzel and hianny 
(1972)"' showed that aquatic macrophytes near inlets of 
lakes can influence phytoplankton growh by removing 
nutrients as they enter the lake while a t  the same time 
producing dissolved organic compounds that complcs \vith 
other nutrients necessary to phytoplankton growth. hfanny 
(1 971 1 97215') showed several mechanisms by tohich 
dissolved organic nitrogen ( D O S )  compounds regulate 
plant growth and rates of bacterial nutrient regeneration. 
These control mechanisms can be disrupted by nutrients 
from municipal and agricultural wastes and dissolved or- 
ganic matter from inadequately treated wastes. 

Effects on Recreation and Aesthetics 

It is difficult to estimate the magnitude of the adverse 
effects of aquatic macrophytes in terms of loss of recreational 
opportunities or degree of interference with recreational 
pursuits. For example, extensive growths of aquatic macro- 
phytes interfere with boating of all kinds; but the extent of 
interference depends, among other things, on the growth 
form of the plants, the density of the colonization, the 
fraction of the waterbody covered, and the purposes, atti- 
tudes, and tolerance of the boaters. Extremes of opinion on 
the degree of impact create difficulty in estimating a mone- 
tary, physical, or psychological loss. 

Dense growths of aquatic macrophytes are generally ob- 
jectionable to the swimmer, diver, water skier, and scuba 
enthusiast. Plants or plant parts can be a t  least a nuisance 
to swimmers and, in extreme cases, can be a factor in  
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drowning. Plants obstruct a diver's view of the bottom and 
underwater hazards, and fronds can become entangled in 
a scuba diver's gear. Water skiers' preparations in shallow 
water are hambered by dense growths of plants, and fear 
of falling into Such growths while skiing detracts from en- 
joyment of the sport. 

Rafts of free-floating plants or attached plants which 
have been dislodged from the substrate often drift onto 
beaches or into swimming areas, and time and labor are 
entailed in restoring their attractiveness. Drying and decay- 
ing aquatic plants often produce objectionable odors and 
provide breeding areas for a variety of insects. 

Sport fishermen have mixed feelings about aquatic macro- 
phytes. Fishing is often good around patches of lily pads, 
over deeply-submerged plants, and on the edges of beds of 
submerged weeds which rise near the surface. On  the other 
hand, dense growths may restrict the movement and feeding 
of larger fish and limit the fishable area of a waterbody. 
Aquatic plants entangle lures and baits and can prevent 
fishermen from reaching desirable fishing areas. 

Slarshes and aquatic macrophytes in sparse or moderate 
densities along watercourse and waterbody margins aug- 
ment nature study and shoreline exploration and add to the 
naturalistic value of camping and recreation sites. I t  is 
only when the density of the growths, or their growth 
forms, liecome a nuisance and interfere with man's ac- 
tivities that he finds them objectionable. An indication of 
how often that occurs is provided by klcCarthy (1961),156 
who reported that on the basis of a questionnaire sent to 
all states in 1960, there were over 2,000 aquatic vegetation 
control projects conducted annually, and that most states 
considered excessive growth of aquatic vegetation a serious 
and increasing problem. 

The aesthetic value of aquatic macrophytes is in the 
mind of the beholder. The age-old appeal of aquatic plants 
is reflected in their importance as motifs in ancient archi- 
tecture, art, and mythology. -4quatic gardens continue to 
be popular tourist attractions and landscaping features, 
and wild aquatic plant communities have strong appeal to 
the artist, the photographer, and the public. To many, 
these plants make a contribution of their own to the beauty 
of man's environment. 

Control considerations 

Aquatic vascular plants can be controlled by several 
methods: chemical (Hall 1961,136 Little 1968148); biological 
(Avault e t  al. 1968,"' Maddox et al. 1971,15L Blackburn 
et al. 1971'%) ; mechanical (Livermore and Wunderlich 
1969149) ; and naturalistic environmental manipulation (Pen- 
found 1953).Im General reviews of control techniques have 
been made by Holm et al. (1969),"' Sculthorpe (1967),Ia 
and Lawrence (1968).145 

Harvesting aquatic vascular plants to reduce nutrients 
as a means of eutrophication control has been investigated 

by Boyd (1970b),l*4 Yount and Crossman (1970),171 and 
Peterson (1971).16' Although many investigators have re- 
ported important nutrients in various aquatic plants, the 
high moisture content of the vegetation as it is harvested 
has been an impediment to economic usefulness. Peterson 
(1971)161 reported the cost per pound of phosphorus, ni- 
trogen, and carbon removed from a large lake supporting 
dense growths of aquatic vascular plants as $61.19, $8.24 
and $0.61 respectively. 

Nevertheless, improved methods of harvesting and proc- 
essing promise to reduce the costs of removing these bother- 
some plants and reclaiming their nutrients for animal and 
human rations or for soil enrichment. Investigation into 
the nutritive value of various aquatic plants has frequently 
been an adjunct of research on the efficiency and economy 
of harvesting and processing these plants in an effort to 
remove nuisance growth from lakes and streams. Extensive 
harvesting of aquatic vegetation from plant-clogged Caddo 
Lake (Texas-Louisiana) was followed by plant analysis 
and feeding trials. The dehydrated material was found to be 
rich in protein and xanthophyll (Creger et al. 1963,132 Couch 
et al. 1963'j'). Bailey ( 1965)Il8 reported an average of 380 
milligrams of xanthophyll per pound of vacuum oven-dried 
aquatic plant material with about 19 per cent protein. 
Hentges ( 1970),'38 in cooperation with Bagnall ( 1970),119 
in preliminary tests with cattle fed press-dehydrated aquatic 
forage, found that pelleted Hydriiia verticiiiata (Florida 
elodea) could be fed satisfactorily as 75 per cent of a bal- 
anced ration. Bruhn et d. (1971)'z8 and Koegel et d. 
(1972)L43 found 44 per cent mineral and 21 per cent protein 
composition in the dry matter of the heat coagulum of the 
expressed juice of Eurasian water milfoil (iMyiophyilurn 
spicatum). The press residue, further reduced by cutting 
and pressing to 16 per cent of the original volume and 32 
per cent of the original weight, could readily be spread for 
lawn or garden mulch. 

Control measures are undertaken when plant growth 
interferes with human activities beyond some ill-defined 
point, but too little effort has been expended to determine 
the causes of infestations and too little concern has been 
given the true nature of the biological problem (Boyd 
1971b).126 Each aquatic macrophyte problem under con- 
sideration for control should be treated as unique, the 
biology of the plant should be well understood, and all the 
local factors thoroughly investigated before a technique is 
selected. Once aquatic macrophytes are killed, space for 
other plants becomes available. Nutrients contained in the 
original plants are released for use by other species. Long- 
term control normally requires continued efforts. Herbi- 
cides may be directly toxic to fish, fish eggs, or invertebrates 
important as fish food (Eipper 1959,15' Walker 1965,'" 
Hiltibran 1967).'" (See the discussion of Pesticides, pp. 
182-186, in Section 111.) On man-made lakes, reservoirs 
and ponds the potential for invasion by undesirable aquatic 
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plants may be lessened by employing naturalistic methods 
which limit the available habitat and requirements of par- 
ticular species. I t  i~ difficult to predict what biotic form will 
replace the species eliminated. Boyd (1971b)1*6 states that 
in some Florida lakes, herbicide applications have upset 
the balance between rooted aquatics and phytoplankton, 
resulting in nuisance phytoplankton blooms that were 
sometimes more objectionable than the original situation. 

Control of aquatic vascular plants can be a positive 
factor in fisheries management (Leonard and Cain 1961) ;Its 
but when control projects are contemplated in multi-pur- 
pose waters, consideration should be given to existing inter- 
dependencies between man and the aquatic community. 
For example: what biomass of aquatic vascular plants is 
necessary to support waterfowl ; what biomass will permit 
boating; what is a tolerable condition for swimming; must 
the shoreline be clear of plants for wading; will shore 
erosion increase if the shoreline vegetation is removed? The 
interference of aquatic vascular plant communities in human 
activities should be controlled with methods that stop short 
of attempted plant eradication. 
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Recommendation 

The complex interrelationships among aquatic 
vascular plants, associated biota, water quality, 
and the activities of humans call for case-by-case 
evaluation in assessing the need for management 
programs. If management is undertaken, study of 
its potential impacts on the aquatic ecosystem and 
on various water uses should precede its imple- 
mentation. 

INTRODUCTION OF SPECIES 

Extent and Types of Introductions 

Purposeful or accidental introductions of foreign aquatic 
organisms or transplantations of organisms from one drain- 
age system to another can profoundly influence the aesthetic 
appeal and the recreational or commercial potential of 
affected waterbodies. The introduction of a single species 
may alter an entire aquatic ecosystem (Lachner et al. 
197O).ls An example of extreme alteration occurred with 
the invasion of the Great Lakes by the sea lamprey (Pefro- 
mycon marinus) (Moffett 1957,l8O Smith 196419'). Introduced 
and transplanted species account for about half of the fish 
fauna of Connecticut (Whitworth et al. 1968),'09 California 
(Shapovalov et al. 1959),Io5 Arizona, and Utah (Miller 
1961).Im The nature of the original aquatic fauna is ob- 
scured in many cases, and some indigenous species have 
been adversely affected through predation, competition, 
hybridization, or alteration of habitat by the introduced 
species. Exotics that have established reproducing popu- 
lations in the United States (exclusive of the Hawaiian 

Islands) include 25 species of fish (Lachner et al. 1970),188 
more than 50 species of land and aquatic mollusks (Abbott 
1950),178 and over 20 species of aquatic vascular plants 
(Hotchkiss 1967)Ig5 in addition to aquatic rodents, reptiles, 
amphibians, insects, and crustaceans. 

Growths of native aquatic vascular plants and a variety 
of exotic species commonly interfere with recreation and 
fishing activities (see p. 25) and a variety of other water 
uses including industrial and agricultural use (Holm et al. 
1969,184 Sculthorpe 1967).19' Water hyacinth (Eichhornia 
crassjpes) caused loss of almost $43 million through combined 
deleterious effects in Florida, Alabama, hlississippi, and 
Louisiana in 1956 (Wunderlich 1 962).m Penfound and 
Earle (1948)lw estimated that the annual loss caused by 
water hyacinth in Louisiana before the growhs were 
brought under control averaged $5 million and in some 
years reached $15 million. it'ater chestnut (Tropo notons) 
produced beds covering 10,000 acres within ten years of its 
introduction near iVashington, D.C. (Ra\vls 1 964).lQ3 The 
beds blocked navigation and provided breeding sites for 
mosquitoes, and their hard spined seed cases on the shore- 
lines and bottom were a serious nuisance to swimmers, 
waders, and people walking the shores. Eurasian milfoil 
(hfyiophjllum spiculum) infested 100,000 acres in Chesapeake 
Bay. The plants blocked navigation, prevented recreational 
boating and swimming, interfered with seafood harvest, 
increased siltation, and encouraged mosquitoes (Cronin 
I 967).lg2 

Invertebrate introductions include the Asian clam (Cor- 
bicula manilensis), a serious pest in the clogging of industrial 
and municipal raw water intake systems and irrigation 
canals (Sinclair 1971),Ie6 and an oriental oyster drill 
(7ri tonal ia  japonica) considered the most destructive drill in 
the Puget Sound area (Korringa 1952).167 

Some Results of Introductions 

Some introductions of exotics, e.g., brown trout (Salmo 
f ru f ta ) ,  and some transplants, e.g., striped bass (Morone 
saxafilis) from the Atlantic to the Pacific and coho salmon 
(Oncorhyrzhus kisufch) from the Pacific to the Great Lakes, 
have been spectacularly successful in providing sport and 
commercial fishing opportunities. Benefits of introductions 
and transplantations of many species in a variety of aquatic 
situations are discussed by several authors in A CenturJ of 
Fisheries in hrorth Amnica (Benson 1 970).'79 

The success of other introductions has been questionable 
or controversial. In the case of carp (Cjprinus carpis), the 
introduction actually decreased aesthetic values because of 
the increved turbidity caused by the habits of the carp. 
The increased turbidity in turn decreased the biological 
productivity of the waterbody. The presence of carp has 
lowered the sportfishing potential of many waterbodies 
because of a variety of ecological interactions. The grass 
carp or white amur (Cfenopharyngodon ideilo), a recent impor- 
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tation, has been reported from several major river systems 
including the Mississippi as far north as Illinois (Lopinot 
personal communiculion 1972).201 Pelzman ( 1971),lg1 in recom- 
mending against introducing grass carp into California, 
concluded that their impact on established game fish would 
be detrimental and that they. might become more trouble- 
some than the common carp. This view was expressed 
earlier by Lachncr et al. (1970)L88 in considering the impact 
of establishment ?f the species in major river systems. The  
walking catfish (Cfurius batruchus), accidentally released from 
outdoor. holding ponds of aquarium fish dealers in southern 
Florida, quickly established reproducing populations in a 
variety of habitats (Idyll 1969).lS6 Natural ponds have pro- 
duced up to 3,000 pounds per acre of this species and there 
is no current American market for its flesh. This aggressive 
and omniverous species apparently reduces the entire fresh- 
water community to walking catfish (Lachner et al. 1970).188 

InOsoductions by Official Agencies 

The objectives of introductions of new species by agencies 
include pond culture; aquatic plant control; insect control; 
forage; predation; and improvement of sport and com- 
mercial fishing. Boating, swimming, and sport and com- 
mercial fin and shellfishing are influenced by water quality 
and the biotic community. Lachner et  al. (1970),188 after 
reviewing the history of exotic fish releases, concluded that 
most official releases satisfy certain social wishes but have 
not served effective biological purposes, and that some may 
result in great biological damage. The guidelines of Craig- 
head and Dasmann (1966)1s1 on introduction of exotic big ' 

game species offer an excellent parallel to the considerations 
that should precede the introduction of aquatic organisms. 
Such guidelines call for (a) the establishment of the need 
and determination of the predicted ecological, recreational, 
and economic impact; (b) studies of the proposed release 
area to determine that i t  is suitable, that a niche is vacant, 
and that indigenous populations will not be reduced or 
displaced; (c) life history studies of the organism to de- 
termine possible disease interrelationships, hybridization 

. 

potential, and the availability of control technology; and 
(d) experiments conducted under controlled conditions that 
indicate how to prevent escape of the organism. 

The California Fish and Game Commission (Burns 
1972)'@ investigated introducing the pancora (Aegfu faevis 
lacvis), a small freshwater crab, into streams as a food 
for trout to increase natural trout production and sport 
fishing potential. The plan was ultimately rejected, but the 
on-site studies in Chile and the experimental work in 
California illustrate the breadth of consideration necessary 
before any informed decision can be reached. Problems 
associated with introductions of aquatic animals were the 
subject of two recent symposia (Stroud 1969;1g8 Department 
of Lands and Forests, Ottawa 1968Isa). Persons contem- 
plating introductions are referred for guidelines to the 
Committee on Exotic Fishes and Other Aquatic Organisms 
of The American Fisheries Society. This committee has 
representation from the American Society of Ichthyologists 
and Herpetologists and is currently expanding the scope of 
its membership to include other disciplines. 

Recornmendations 

Introduction or transplantation of aquatic orga- 
nisms are factors that can affect aesthetics, boat- 
ing, swimming, sport and commercial fin and 
shellfishing, and a variety of other water uses. 
Thorough investigations of an organism's potential 
to alter water quality, affect biological relation- 
ships, or interfere with other water uses should 
precede any planned introductions or transplan- 
tations. 

The deliberate introduction of non-indigenous 
aquatic vascular plants, particularly in the warmer 
temperature or tropical regions, is cautioned 
against because of the high potential of such plants 
for impairing recreational and aesthetic values. 
Aquaculturists and others should use care to pre- 
vent the accidental release of foreign species for 
the same reasons. 
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WATER QUALITY FOR GENERAL RECREATION, BATHING, AND SWIMMING 

Historically, public health officials have been concerned 
about the role of sewage-contaminated bathing water in 
the transmission of infectious disease. In 1921, the Com- 
mittee on Bathing Places, Sanitary Engineering Section, 
American Public Health Association, conducted a study 
“to determine the extent and prevalence of infections which 
may be conveyed by means of svimming pools and other 
bathing places” (Simons et al. 1922).??6 The results of the 
study, though inconclusi\.e, suggested that contaminated 
bathing water may transmit infectious agents to bathers. 
The Committee attached special importance to the data 
they collected on epidemics of conjunctivitis and other skin 
diseases, middle ear infections, tonsillitis, pharyngitis, and 
nasal sinus infections caused by contaminated bathing 
waters. However, the 1935 Report of the Committee (now 
designated as the Joint Committee on Bathing Places of 
the Public Health Engineering Section of the American 
Public Health Association and the Conference of State 
Sanitary Engineers) included the following statement: “The 
summary of the replies in the 1921 report when considered 
in the light of kno\vn epidemiological evidence, leaves this 
committee unconvinced that bathing places are a major 
public health problem even though bathing place sanitation, 
because of the health considerations involved, should be 
under careful surveillance of the public health authorities, 
and proper sanitary control of bathing places should be 
exercised” (Yearbook of APHA 1 936).202 

The suggested standards for design, equipment, and 
operation of bathing places that were part of the 1935 
report included a section entitled “Relative Classification 
of Bathing Areas Recommended” (Yearbook of APHA 
1936).2m This section reads, in part, as follows: 

In passing on waters of outdoor bathing places, three 
aides are available: (1) the results of chemical analyses 
of the water; (2) the results of bacteriological analysis 
of the water; and (3) information obtained by a sani- 
tary survey of sources of pollution, flow currents, em.- 
It is not considered practicable or desirable to recom- 
mend any absolute standards of safety for the waters 
of outdoor bathing places on any of the three above 
bases. 

29 

In 1939 (Yearbook of APHA 1910)?03 and again in 1955 
(Yearbook of APHA 1957),”‘ the Joint Committee surveyed 
all state health departments for additional information on 
reported cases of illness attributable to bathing places, but 
these surveys uncovered little definite information. Con- 
taminated bathing waters were suspected in cases of sleeping 
sickness, sinus infections, intestinal upsets, eye inflammation, 
“swimmers itch”, ear infections, and leptospirosis. 

Several outbreaks of human leptospirosis, which is pri- 
marily an infection of rats and dogs, have been associated 
\vith recreational waters contaminated by the urine of 
infected animals (Diesch and hlcCulloch 1966) .?lo One 
source of infection to man is wading or swimming in waters 
contaminated by cattle wastes (IVilIiams et al. 1956,23’ 
Hovens et al. 194l2I6). Leptospirosis is prevalent among 
“wet crop” agricultural workers, employees of abattoirs, 
handlers of livestock, and those \vho swim in stock-watering 
ponds. The organism is not ingested but enters the body 
through breaks in the skin and through intact mucous 
membrane, particularly the conjunctiva. 

The most recent reports on disease associated with 
swimming suggest that a free-living, benign, soil and water 
amoeba of the Jl’aegleria group (Acanfhamoeba) may be a 
primary pathogen of animals and man. Central nervous 
system amoebiasis is usually considered a complication of 
amoebic dysentery due to E. histolytical; however, recent 
evidence proves that A‘aeglnia gruberi causes fulmenting 
meningoencephalitis (Callicot 1968,208 Butt 1966,*07 
Fowler and Carter 1965,212 Patras and Andujar 1966=‘). 
The amoeba may penetrate the mucous membrane. Free- 
living amoebae and their cysts are rather ubiquitous in 
their distribution on soil and in natural waters; and 
identifiable disabilities from free-living amoebae, similar to 
the situation with leptospirosis, occur so rarely as a result 
of recreational swimming in the United States that both 
may be considered epidemiological curiosities (Cerva 

In 1953, the Committee on Bathing Beach Contamination 
of the Public Health Laboratory Service of England and 
Wales began a five-year study of the risk to health from 

1971).* 
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bathing in sewage-polluted sea water and considered “the 
practicability of laying down bacteriological standards for 
bathing beaches or grading them according to degree of 
pollution to which they are exposed” (iMoore 1959).” 
This committee concluded in 1959 that “bathing in sewage- 
polluted sea water carries only a negligible risk to health, 
even on beaches that are aesthetically very unsatisfactory.” 

The consensus among persons who have studied the 
relationship between bathing water quality and bathers’ 
illness appears to be that scientific proof of a direct relation- 
ship is lacking, yet there is evidence to suggest that some 
relationship exists. Some experts contend that outbreaks of 
illness among bathers have not been studied thoroughly 
with modern epidemiologic techniques, and that if such 
occurrences were to be studied vigorously, specific knowl- 
edge about the relationship of bathing water quality to 
infectious disease would be established. In some studies 
where bathing water was apparently implicated in the 
transmission of disease agents, the water quality was rela- 
tively poor, yet no attempts were made to define the specific 
rela tionship. 

Water quality requirements for recreational purposes 
may be divided into two categories: (1) general require- 
ments that pertain to all recreational waters, and (2) special 
requirements, usually more restrictive, for selected recre- 
ational use of water. 

Microbiological Considerations 

The hazard posed by pathogenic microorganisms in 
recreational water not intended for bathing and swimming 
is obviously less than it would be if the waters were used for 
those purposes, but it is not possible to state to what degree. 
Although there is a paucity .df epidemiological data on 
illnesses caused by bathing and swimming, there appear to 
be no data that analyze the relationship of the quality of 
recreational waters not intended for bathing and swimming 
to the health of persons enjoying such waters. Criteria 
concerning the presence of microorganisms in water for 
general recreation purposes are not known. 

Conclusion 

No specific recommendation concerning the 
microbiological qualities of general recreational 
waters is presented. In most cases of gross micro- 
biological pollution of suriace waters, there will be 
concomitant foreign substance of such magnitude 
as to cause the water to be aesthetically unac- 
cep table. 

Chemical Considerations 

The human body is capable of tolerating greater concen- 
trations of most chemicals upon occasional contact with or 
ingestion of small quantities of water than are most forms 
of aquatic life. Therefore, specific recommendations for the - -  
chemical characteristics of all recreational waters are not 

REOUIREMEWTS ALL RECREAT’oNaL made since such recommendations probably would be 
superseded by recommendations for the support of various WATERS 

Aesthetic Considerations forms of desirable aquatic life. (See Sections 111 and IV: 
Freshwater and Marine Aquatic Life and Wildlife.) 

As has been stressed earlier in this Section (See .4pplying 
Recommendations, p. IO), all waters should be aesthetically 
pleasing, but the great variety of locales makes it impossible NO specific recommendation concerning the 
to apply recommendations without considering the par- chemical characteristics of general recreational 
ticular contexts. Color of swamp waters would hardly be waters is presented. However, the following general 
acceptable for clear mountain streams. Specific recommen- recommendations are applicable: 

Recommenda~ion* 

- -  
dations should reflect adequate study o f  local background 
quality and should consider fully the inherent variability 
so that the designated values will be meaningful. Therefore, 
specific local recommendations might better encompass 
ranges, or a daily average further defined by a sampling 

0 recreational waters that contain chemicals in 
such concentrations as to be toxic to man if 
small quantities are ingested should not be used 
for recreation; 

period, and possibly an absolute maximum or minimum as 
appropriate. The best technical thought should be given to 
establishment of such values rather than dependence on 
administrative or judicial decision. 

0 recreational waters that contain chemicals in 
such concentrations as to be irritating to the 
skin or mucous membranes of the human body 
upon brief immersion are undesirable. 

Recommendation 

All recreational surface waters will be aestheti- 
cally pleasing if they meet the recornmendations 
presented in the discussion Of Water Quality for 
Preserving Aesthetic Values in this Section, P. 12. 

SPECIAL REQUIREMENVS FQR BAYWING AND 
SWIMMING WAVERS 

Since bathing and swimming involve intimate human 
contact with water, special water quality requirements 
apply to designated bathing and swimming areas. These 
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requirements are based on microbiological considerations, 
temperature and pH, and clarity and chemical character- 
istics. They are more precise than the requirements for 
general recreational waters. If a body of water cannot meet 
these specialized requirements, it should not be designated 
a bathing and swimming area but may be designated for 
a recreational use that does not involve planned immersion 
of the body. 

Microbiological Considerations 

All recreational waters should be sufficiently free of 
pathogenic bacteria so as not to pose hazards to health 
through infections, but this is a particularly important 
requirement for planned bathing and swimming areas. 
Many bodies of water receive untreated or inadequately 
treated human and animal wastes that are a potential focus 
of human infection. 

There have been several attempts to determine the spe- 
c:fic hazard to health from swimming in sewage-contami- 
nated water. Three related studies have been conducted 
in this country, demonstrating that an appreciably higher 
overall illness incidence may be expected among swimmers 
than among nonswimmers, regardless of the quality of the 
bathing water (Smith et al. 1951,B9 Smith and iVoolsey 
1952,227 1961228). More than one half of the illnesses reported 
were of the eye, ear, nose, and throat type; gastrointestinal 
disturbances comprised up to one-fifth; skin irritations and 
other illnesses made up the balance. 

Specific correlation between incidence of illness and 
bathing in waters of a particular bacterial quality was ob- 
served in two of the studies. A statistically significant 
increase in the incidence of illness was observed among 
swimmers who used a Lake Michigan beach on three se- 
lected days of poorest water quality when the mean total 
coliform content was 2,300 per 100 ml. However, only the 
data concerning these three days could be used in the 
analysis and differences in illness were not noted in com- 
parison with a control beach over the total season (Smith 
et al. 1951).m The second instance of positive correlation 
was observed in an Ohio River study where it was shown 
that, despite the relatively low incidence of gastrointestinal 
disturbances, swimming in river water having a median 
coliform density of 2,700 per 100 In1 appears to have caused 
a statistically significant increase in illnesses among swim- 
mers (Smith and Woolsey 1952).z7 No relationship between 
illness and water quality was observed in the third study 
conducted a t  salt water beaches on Long Island Sound 
(Smith and Woolsey 1961).n8 

A study in England suggested that sea water carries only 
a negligible risk to health even on beaches that were 
aesthetically unsatisfactory (Moore 1959).m The minimal 
risk attending such bathing is probably associated with 
chance contact with fecal material that may have come 
from infected persons. 

Neither the English nor the United States salt water 
beach studies indicated a causal or associated relationship 
between water quality and disease among swimmers and 
bathers. \2’hile the two United States fresh water studies 
suggested some presumptive relationship, the findings were 
not definitive enough to establish specific values for micro- 
biological water quality characteristics. 

Tests using fecal coliform bacteria are more indicative 
of the possible presence of enteric pathogenic microorga- 
nisms from man or other warm-blooded animals than the 
coliform group of organisms. The data for total coliform 
levels of the Ohio River Study were reevaluated to de- 
termine comparable levels of fecal coliform bacteria (Geld- 
reich 1966).21a This reevaluation suggested that a density 
of 400 fecal coliform organisms per 100 ml was the approxi- 
mate equivalent of 2,700 total coliform organisms per 100 
ml. Using these data as a basis, a geometric mean of 200 
fecal coliform organisms per 100 ml has been recommended 
previously as a limiting value that under normal circum- 
stances should not be exceeded in water intended for bathing 
and swimming (U.S. Department of the Interior, FII’PCA 
1968).230 

There may be some merit to the fecal coliform index as an 
adjunct in determining the acceptability of water intended 
for bathing and swimming, but caution should be exercised 
in using it. Current epidemiological data are not materially 
more refined or definitive than those that were available in 
1935. The principal value of a fecal coliform index is as an 
indicator of possible fecal contamination from man or other 
warm-blooded animals. A study of the occurrence of 
Salmonella organisms in natural waters showed that when 
the fecal coliform level was less than 200 organisms per 100 
ml, this group of pathogenic bacteria was isolated less 
frequently (Geldreich 1970) .214 Salmonella organisms were 
isolated in 28 per cent of the samples with a fecal coliform 
density less than the 200 value, but they were isolated in 
more than 85 per cent of the samples that exceeded the 
index value of 200 fecal coliform per 100 ml, and in more 
than 98 per cent of the samples with a fecal coliform 
density greater than 2,000 organisms per 100 ml. 

In evaluating microbiological indicators of recreational 
water quality, it should be remembered that many of the 
diseases that seem to be causally related to swimming and 
bathing in polluted water are not enteric diseases or are 
not caused by enteric organisms. Hence, the presence of 
fecal coliform bacteria or of Salmonella sp. in recreational 
waters is less meaningful than in drinking water. Indi- 
cators other than coliform or fecal coliform have been sug- 
gested from time to time as being more appropriate for 
evaluating bathing water quality. This includes the staphylo- 
cocci (Favero et al. 1964),211 streptococci and other entero- 
cocci (Litsky et al. 1 953).218 Recently Pseudomonas amugznosa, 
a common organism implicated in ear infection, has been 
isolated from natural swimming waters (Hoadley 1968)”’ 

. 

. 
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and may prove to be an indicator of health hazards in 
swimming water. Unfortunately, to date, none of the al- 
ternative microbiological indicators have been supported 
by epidemiological evidence. 

LVhen used to supplement other evaluative measurements, 
the fecal coliform index may be of value in determining the 
sanitary quality of recreational water intended for bathing 
and swimming. T h e  index is a measure of the “sanitary 
cleanliness: of the water and may denote the possible 
presence of untreated or inadequately treated human wastes. 
But it is a n  index that should be used only in conjunction 
with other evaluative parameters of water quality such as 
sanitary surveys, other biological indices of pollution, and 
chemical analyses of water. To use the fecal coliform index 
as the sole measure of “sanitary cleanliness,” it would be 
necessary to know the maximum “acceptable” concentra- 
tion of organisms; but there is no agreed-upon value that 
divides “acceptability” from “unacceptability.”* Thus, as 
a measure of “sanitary cleanliness,” a n  increasing value in 
the fecal coliform index denotes simply a decrease in the 
level of cleanliness of the water. 

Conclusion 

No specific recommendation is made concerning 
the presence or concentrations of microorganisms 
in bathing water because of the paucity of valid 
epidemiological data. 

Temperahre CharacOerisOics 

T h e  temperature of natural waters is an important factor 
governing the character and extent of the recreational ac- 
tivities, primarily in the warm months of the year. Persons 
engaging in winter water recreation such as ice skating, 
duck hunting, and fishing d o  so with the knowledge that 
whole body immersion must be avoided. Accidental im- 
mersion in water a t  or near freezing temperatures is dan- 
gerous because the median lethal immersion time is less 
than 30 minutes for children and most adults (Molnar 
1946).’?O Faddists swim in water that is near the freezing 
temperature, but their immersion time is short, and they 
have been conditioned for the exposure. As a result of 
training, fat insulation, and increased body heat production, 
some exceptional athletic individuals (Korean pearl divers 
and swimmers of the English channel) can withstand pro- 
longed immersion for as long as 17 hours in water a t  16 C 
(61 F), whereas children and some adults might not survive 
beyond two hours (Kreider 1964).*” 

From one individual to another, there is considerable 
variation in the rates of body cooling and the incidence of 

* If an arbitrary value for the fecal coliform index is desired, con- 
sideration may be given to a density value cxp-d as a geomcmc 
mcan of a rcria of sampla collccted during pcriods of normal seasonal 
flow. A maximum value of 1,1330 fecal coliform per 100 rnl could be 
comidcrcd. 
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survival in cold water. T h e  variability is a function of body 
size, fat content, prior acclimatization, ability to exercise, 
and overall physical fitness. T h e  ratio of body mass to 
surface area is greater in large, heavy individuals, and their 
mass changes with temperature more slowly than that of a 
small child (Kreider I964).?” 

LVith the exception of water temperatures affected by 
thermal springs, ocean currents such as the Gulf Stream, 
and man-made heat, the temperature of natural water is 
the result of air temperature, solar radiation, evaporation, 
and wind movement. Many natural waters are undesirably 
cold for complete body immersion even during the summer 
period. These include coastal waters subjected to cold cur- 
rents such as the Labrador Current on the northeastern 
coastline or the California Current in the Pacific Ocean 
(Meyers e t  al. 1969).?1g In addition, some deep lakes and 
upwelling springs, and streams and lakes fed from melting 
snow may have summer surface temperatures too cold for 
prolonged swimming for children. 

The  most comfortable temperature range for instructional 
and general recreational swimming where the metabolic 
rate of heat production is not high-Le., about 250 kilo 
calories/hr (1000 BTUs/hr)-appears to he about 29-30 C 
(84-86 F). In sprint swimming when metabolic rates exceed 
500 kilo calories/hr (2,000 BTUs/hr), swimmers can per- 
form comfortably in water temperatures in the range of 
20-27 C (68-80 F) (Bullard and Rapp 1970).?06 

The safe upper limit of water temperature for recreational 
immersion varies from individual to individual and seems 
to depend on psychological rather than physiological con- 
siderations. Unlike cold water, the mass/surface area ratio 
in warm water favors the child. Physiologically, neither 
adult nor child would experience thermal stress under 
modest metabolic heat production as long a the water 
temperature was lower than the normal skin temperature 
of 33 C (91 F) (Newburgh 1949).pJ The rate a t  which heat 
is conducted from the immersed human body is so rapid 
that thermal balance for a body at rest in  water can only 
be attained if the water temperature is about 34 C (92 F) 
(Beckman 1963).”5 The survival of a n  individual submerged 



in water at a temperature above 34-35 C (93-95 F), 
depends on his tolerance to the elevation of his internal 
temperature, and there is a real risk of injury with prolonged 
exposure (Table 1-3). Water ranging in temperature from 
26-30  C (78-86 F) is comfortable to most swimmers 
throughout prolonged periods of moderate physical exertion 
(Bullard and Rapp 1970).m6 Although data are limited, 
natural surface waters do not often exceed skin temperature, 
but water at  3 2  C (90 F )  is not unusual for rivers and 
estuaries (Public Works 1967).n5 

Recommendation 

In recreational waters used for bathing and 
swimming, the thermal characteristics should not 
cause an appreciable increase or decrease in the 
deep body temperature of bathers and swimmers. 
One hour of continuous immersion in waters colder 
than 15 C (59 F) may cause the death of some 
swimmers and will be extremely stressful to all 
swimmers who are not garbed in underwater pro- 
tective cold-clothing. Scientific evidence suggests 
that prolonged immersion in water warmer than 
34-35 C (93-94 F) is hazardous. The degree of 
hazard varies with water temperature, immersion 
time, and metabolic rate of the swimmer. 

pH Characteristics 

Some chemicals affect the pH of water. Many saline, 
naturally alkaline, or acidic fresh waters may cause eye 
irritation because the pH of the water is unfavorable. 
Therefore, special requirements concerning the pH of 
recreational waters may be more restrictive than those 
established for public water supplies. 

The lacrimal fluid of the human eye has a normal pH of 
approximately 7.4 and a high buffering capacity due pri- 
marily to the presence of complex organic buffering agents. 
As is true of many organic buffering agents, those of the 
lacrimal fluid are able to maintain the pH within a narrow 
range until their buffering capacity is exhausted. \\'hen the 
lacrimal fluid, through exhaustion of its buflering capacity, 
is unable to adjust the immediate contact layer of another 
fluid to a pH of 7.4, eye irritation results. A deviation of 
no more than 0.1 unit from the normal pH of the eye may 
result in discomfort, and appreciable deviation will cause 
severe pain (Mood 1968).n1 

Ideally, the pH of swimming water should be approxi- 
mately the same as that of the lacrimal fluid, i.e., 7.4. 
However, since the lacrimal fluid has a high buffering 
capacity, a range of pH values from 6.5 to 8 . 3  can be 
tolerated under average conditions. If the water is rela- 
tively free of dissolved solids and has a very low buffering 
capacity, pH values from 5.0 to 9.0 may be acceptable to 
most swimmers. 
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Conclusion 

For most bathing and swimming waters, eye irri- 
tation is minimized and recreational enjoyment 
enhanced by maintaining the pH within the range 
of 6.5 and 8.3 except for those waters with a low 
buffer capacity where a range of pH between 5.0 
and 9.0 may be tolerated. 

Clarity Considerations 

It is important that water at  bathing and swimming 
areas be clear enough for users to estimate depth, to see 
subsurface hazards easily and clearly, and to detect the 
submerged bodies of swimmers or divers who may be in 
difficulty. Aside from the safety factor, clear water fosters 
enjoyment of the aquatic environment. The clearer the 
water, the more desirable the swimming area. 

The natural turbidity of some bathing and swimming 
waters is often so high that \visibility through the water is 
dangerously limited. If such areas are in conformance with 
all other requirements, they may be used for bathing and 
swimming, provided that subsurface hazards are removed 
and the depth of the water is clearly indicated by signs that 
are easily readable. 

Conclusion 

Safety and enhancement of aesthetic enjoyment 
is fostered when the clarity of the water in desig- 
nated bathing and swimming areas allows the de- 
tection of subsurface hazards or submerged bodies. 
Where such clarity is not attainable, clearly read- 
able depth indicators are desirable. 

Chemical Considerations 

It is impossible to enumerate in specific terms all the 
specialized requirements that pertain to the chemical quality 
of bathing and swimming waters. In  general, these require- 
ments may be quantified by analyzing the conditions 
stipulated by two kinds of human exposure, Le., ingestion 
and contact. A bather involuntarily swallows only a small 
amount of water while swimming, although precise data 
on this are lacking. 

Recommendation 

Prolonged whole body immersion in the water is 
the principal activity that influences the required 
chemical characteristics of recreational waters for 
bathing and swimming. 

The chemical characteristics of bathing and 
swimming waters should be such that water is 
nontoxic and nonirritating to the skin and the 
mucous membranes of the human body. (See also 
the Recommendations on p. 30.) 



The recreational enjoyment of water involves many ac- 
tivities other than water contact sports. Some of these, such 
as boating, may have an adverse effect on the quality of 
water and require berthing and launching facilities that in 
themselves may degrade the aesthetic enjoyment of the 
water environment. Others, such as fishing, waterfowl 
hunting, and shellfish harvesting, depend upon the quality 
of water being suitable for the species of wildlife involved. 
Because they are water-related and either require or are 
limited by specific water-quality constituents for their con- 
tinuance, these specialized types of recreation are given 
individual attention. 

BOAYIPd6 

Boating is a water-based recreational activity that re- 
quires aesthetically pleasing water for its full enjoyment. 
Boats also make a contribution to the aesthetic and recre- 
ational activity scene as the sailboat or canoe glides about 
the water surface or the water skier performs. Boating 
activity of all types has an element of scale with larger and 
faster boats associated with larger waterbodies. Many of 
the problems associated with boating are essentially vio- 
lations of scale. 

Boating activities also have an  impact on water quality. 
The magnitude of the impact is illustrated by recent esti- 
mates that there are more than 12 million pleasure boats in 
the United States (Outboard Boating Club 1971).135 More 
than 8 million of these are equipped with engines, and 
300,000 have sanitary facilities without pollution control 
devices. Because of the large number of boats in use, many 
bodies of water are now experiencing problems that ad- 
versely affect other water uses, such as public water supply, 
support of aquatic life, and other types of water-based 
recreation. 

The detrimental effect of boating on water quality comes 
from three principal sources: waste disposal systems, engine 
exhaust, and refuse thrown overboard. Discharges from 
waste disposal systems on boats are individually a small 
contribution to contamination and may not be reflected 
in water-quality sampling, but they represent ;I potential 

health hazard and an aesthetic nuisance that must be con- 
trolled in or near designated swimming areas. Pathogens 
in human waste are probably the most important contami- 
nant in the discharges, because of their potential effect on 
human health (see discussions on Special Requirements for 
Bathing and Swimming Waters, p. 30, and Shellfish, p. 36). 
Biochemical oxygen demand (BOD) and suspended solids 
(SS) are also involved in the discharges, but the quantities 
are not likely to have any measurable effect on overall 
water quality. In view of this, it would appear that primary 
emphasis should be on the control of bacteria from sanitary 
systems. 

The  exhaust of internal combustion engines and the un- 
burned fuel of the combustion cycle affect aesthetic enjoy- 
ment and may impart undesirable taste and odors to water 
supplies and off-flavors to aquatic life. Crankcase exhaust 
from the two-cycle engine can discharge as much as 40 
per cent of the fuel to the water in an unburned state, 
while 10 to 20 per cent is common (Muratori 1968).233 One 
study showed that the use of 2.2-3.5 gal/acre-foot (using 
an oil:fuel mixture of 1 : 17) will cause some indication of 
fish flesh tainting, and about 6 gal/acre-foot result in severe 
tainting (English et al. 1963).232 (For further discussions of 
the effects of oil on environments, see Sections 111 and IV 
on Freshwater and Marine Aquatic Life and Wildlife.) 

The amount of lead emitted into the water from an out- 
board motor burning leaded gasoline (0.7 grams of lead 
per liter) appears to be related to the size of the motor and 
the speed of operation. A IO-hp engine operated at  one-half 
to three-fourths throttle was shown to emit into the water 
0.229 grams of lead per liter of fuel consumed, whereas a 
5.6-hp engine operated at  full throttle emitted 0.121 grams 
per liter (English et al. 1963).2a 

With respect to interference with other beneficial uses, 
it has been reported that a large municipal water works is 
experiencing difficulties w:th oil on the clarification basins. 
The oil occurs subsequent to periods of extensive weekend 
boating activity during the recreational Season (Orsanco 
Quality Monito; 1969).234 Moreover, bottles, cans, plastics, 
and miscellaneous solid wastes commonly deface waters 
where boaters are numerous, thereby degrading the en- 
vironment aesthetically. 
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t ' 1. Waste discharge including sanitary, litter, sullage, or 

bilge from any water craft substantially reduces the water 
quality of harbors and other congested areas. The practice 
is aesthetically undesirable and may constitute a health 
hazard. When engine emissions from boats spread an oily 
film on water or interfere with beneficial uses, as in lowering 
the value of fish and other edible aquatic organisms by im- 
parting objectionable taste and odor to their flesh, restric- 
tions should be devised to limit engine use or reduce the 
emissions. 

Floating or submerged objects affect boating safety, and 
stray electrical currents increase corrosion as do corrosive 
substances or low pH values. Growth of hull-fouling orga- 
nisms is enhanced by the discharge of high-nutrient-bearing 
wastewaters. These conditions represent either a hazard to 
boating or an economic loss to the boat operator. 

Conclusion 

Water that meets the general recommendations 
for aesthetic purposes is acceptable for boating. 
(see Water Quality for Preserving Aesthetic Values, 
pp. 11-12.) 

Boats and the impact of boating on water quality 
are factors affecting the recreational and aesthetic 
aspects of water use and should be considered as 
such. 

AQUATIC LIFE AND WILDLIFE 

Fish, waterfowl, and other water-dependent wildlife are 
an integral part of water-based recreation activities and 
related aesthetic values. Wildlife enhances the aesthetic 
quality of aquatic situations by adding animation and a 
fascinating array of life forms to an otherwise largely static 
scene. Observation of these life forms, whether for photo- 
graphic, educational nature study, or purely recreational 
purposes, is an aesthetically enriching experience. The 
economic importance and popularity of recreation involving 
the harvest of fish, shellfish, waterfowl, and water-dependent 
furbearers have been discussed earlier. Water-quality char- 
acteristics recommended for the well-being of aquatic life 
and associated wildlife are discussed in detail in Sections 
111 and IV on Freshwater and Marine Aquatic Life and 
Wildlife. 

Maintenance of Habitat 

Pressures placed on the aquatic environment by the in- 
creasing human population are of major concern. They 
often lead at  least to disruption and occasionally to de- 
struction of related life-support systems of desired species. 
Examples of this are the complete elimination of aquatic 
ecosystems by the filling of marshes or shallow waters for 
commercial, residential, or industrial developments, or the 
sometimes chronic, sometimes partial, and sometimes total 
destruction of aquatic communities by society's wastes. 
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Effects of cultural encroachment are often insidious rather 
than spectacular. Aesthetic values are gradually reduced, 
as is recruitment of water-associated wildlife populations. 

Maintenance of life-support systems for aquatic life and 
water-related wildlife requires adequately oxygenated water, 
virtual freedom from damaging materials and toxicants, 
and the preservation of a general habitat for routine ac- 
tivities, plus the critical habitat necessary for reproduction, 
nursery areas, food production, and protection from preda- 
tors. Each species has its specific life-support requirements 
that, if not adequately met, lead to depauperate populations 
or complete species elimination. The life-support systems 
essential to the survival of desired aquatic life and wildlife 
are required for man to enjoy the full scope of water-related 
recreational and aesthetic benefits. 

Man is often in direct competition for a given habitat 
with many species of aquatic life and wildlife. In some 
areas, the use of specific waters for recreation based on 
aquatic life and wildlife may be undesirable for a number of 
reasons, including potential conflicts with other recreational 
activities. Limitations on the use of surface water capable 
of providing recreational wildlife observation, hunting, and 
fishing under practical management should not be imposed 
by unsuitable water quality. 

Variety of Aquatic Life 

Natural surface waters support a variety of aquatic life, 
and each species is of interest or importance to man for 
various reasons. While water-based recreation often evokes 
thoughts of fishing, there are a number of other important 
recreational activities, such as skin diving, shell and insect 
collecting, and photography, that also benefit from the 
complex interrelationships that produce fish. A variety of 
aquatic life is intrinsic to our aesthetic enjoyment of the 
environment. Urban waterbodies may be the only local 
sites where residents can still conveniently observe and 
contemplate a complete web of life, from primary producers 
through predators. 

Reduction in the variety of aquatic life has long been 
widely used as an indication of water-quality degradation. 
The degree of reduction in species diversity often indicates 
the intensity of pollution because, as a general rule, as 
pollution increases, fewer species can tolerate the environ- 
ment. Determining the extent of reduction can be ac- 
complished by studying the entire ecosystem; but the phe- 
nomenon is also reflected in the communitv structure of 
subcomponents, e.g., bottom animals, plankton, attached 
algae, or fish. Keup et al. (1967)**O compiled excerpts of 
early studies of this type. Mackenthun (1969)**' presented 
numerous case studies dealing with different types of pol- 
lutants, and Wilhm and Dorris (1968)4a8 have reviewed 
recent efforts to express diversity indices mathematically. 

While most water quality recommendations in Sections 
111 and IV on Freshwater and Marine Aquatic Life and 
Wildlife are designed for specific and known hazards, it is 
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impossible to make recommendations which will protect 
all organisms from all hazards, including manipulation of 
the physical environment. In similar habitats and under 
similar environmental conditions, a reduction in variety of 
aquatic life (species diversity) can be symptomatic of an 
ecosystem’s declining health and signal deterioration of 
recreational or other beneficial uses. In addition to mainte- 
nance of aquatic community structures, special protective 
consideration should be given sport, commercial, and en- 
dangered species of aquatic life and wildlife. 

Recommendations 

To maintain and protect aesthetic values and 
recreational activities associated with aquatic life 
and wildlife, it is recommended that the water 
quality recommendations in the Freshwater and 
Marine Aquatic Life and Wildlife reports (Sections 
HIP and IV) be applied. 

Since changes in species diversity are often as- 
sociated with changes in water quality and signal 
probable changes in recreational and aesthetic 
values, it is recommended that changes in species 
diversity be employed as indications that corrective 
action may be necessary. (See Section III on Fresh- 
water Aquatic Life and Wildlife, and Appendix 
PI-B on Community Structure and Diversity 
Indices.) 

SWELLFISH 

Shellfish* are a renewable, manageable natural resource 
of considerable economic importance, and the water quality 
essential to their protection in estuarine growing areas is 
discussed by the panel on Marine Aquatic Life and Wildlife 
(Section IV). However, the impact of shellfish as related to 
recreational and aesthetic enjoyment is also important, al- 
though difficult to estimate in terms of time and money. 
Furthermore, because contaminated shellfish may be har- 
vested by the public, it is necessary to protect these people 
and others who may eat the unsafe catch. 

Clams and oysters are obtained from intertidal areas, 
and these marine species have an unusual ability to act as 
disease vectors and to accumulate hazardous materials from 
the water. As more people are able to seek them in a sports 
fishery, the problems of public health related to these 
animals intensify. 

Because the intent here is to protect persons engaged in 
recreational shellfishing, consideration will be given to 
numerous factors which affect shellfish and their growing 
areas. These include bacteriological quality, pesticides, 
marine biotoxins, trace metals, and radionuclides. 

Recreational shellfishing should be limited to waters of 
quality that allow harvesting for direct marketing. Epi- 

As used hut ,  the t u r n  “shellfish” is limited to clams, oystcn, and 
m w h .  

demiological evidence accumulated through 46 years of 
operation under the federal-state cooperative National 
Shellfish Sanitation Program (NSSP) demonstrated reason- 
able safety in taking shellfish from approved growing areas. 

The water quality criteria for determining an “approved 
growing area” are the basis of the standards given in the 
National Shellfish Sanitation Program Manual of Oper- 
ations, Part I ,  Sanitation of Shel!i;zh Crowing Areas (PHS Pub 
No. 33, 1965).261 The growing area may be designated as 
“approved” when : 

(a) the sanitary survey indicates that pathogenic micro- 
organisms, radionuclides, or toxic wastes do not reach the 
area in dangerous concentrations; and 

(b) potentially dangerous concentrations are verified by 
laboratory findings whenever the sanitary survey indicates 
the need. 

Bacteriological Quality 

Clams and oysters, which are capable of concentrating 
bacteria and viruses, are among the few animals eaten 
alive and raw by man. For these reasons, the consumption 
of raw shellfish harvested from unclean or polluted waters 
is dangerous. Polluted water, especially that receiving 
domestic sewage, may contain high numbers of bacteria 
normally carried in the feces of man and other animals. 
Although these bacteria may not themselves be harmful, 
the danger exists that pathogenic bacteria and viruses may 
also be present (Lumsden et ai. 1925,250 Old and Gill 
1 946,257 Mason and lMcLean 1 962,2sL Mosley I 964a,?s4 
1964b;*5S Koff et al. 1967).248 Shellfish are capable of 
pumping prodigious quantities of water in their feeding 
and concentrating the suspended bacteria and viruses. The 
rate of feeding in shellfish is temperature-dependent, with 
the highest concentrating and feeding rate occurring in 
warm water above 30 F and almost no feeding occurring 
when the water temperatures approach 32 F. Therefore, 
shellfish meat in the winter months will have a lower 
bacterial concentration than in the summer months (Gib- 
bard et al., 1942).2M The National Shellfish Sanitation 
Program determines the bacteriological quality of commer- 
cial shellfish harvesting areas in the following manner: 

0 examinations are conducted in accordance with the 
recommended procedures of the American Public 
Health Association for the examination of seawater 
and shellfish: 

0 there must be no direct discharges of inadequately 
treated sewage; 

0 samples of water for bacteriological examination are 
collected under those conditions of time and tide 
which produce maximum concentrations of bacteria: 

0 the coliform median most probable number (MPN) 
of the water does not exceed 70 per 100 ml, and not 
more than 10 per cent of the samples ordinarily 
exceed an iMPN of 230 per 100 ml for a five-tube 
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decimal dilution test (or 330 per 100 ml for a three- 
tube decimal dilution test) in those portions of the 
area most probably exposed to fecal contamination 
during the more unfavorable hydrographic and pol- 
lution conditions; and 
the reliability of nearby waste treatment plants is 
considered before areas for direct harvesting are 
approved. 

Recommendation 

Recreational harvesting of shellfish should be 
limited to areas where water quality meets the 
National Shellfish Sanitation Program Standards 
for approved growing areas. 

Pesticides 

Pesticides reach estuarine waters from many sources in- 
cluding sewage and industrial \vaste discharge, runoff from 
land used for agriculture and forestry, and chemicals used 
to control aquatic vegetation and shellfish predators. Once 
pesticides are in the marine environment, they are rapidly 
accumulated by  shellfish^ sometimes to toxic concentrations. 
Organochlorine ,compounds are usually the most tosic and 
frequently have a deleterious effect a t  concentrations near 
0.1 pg/l in the ambient \cater (Butler 1966l1).?~" Lowe 
(1965)z4g olxerved that D D T  at  a Concentration of 0.5 j~g..ll 
in water was fatal to ju!,enile blue crabs (Cal/inec/ps subidus) 
in a fe\tv days. 

The  biological magnification of persistent pesticides by 
mollusks in the marine environment may IJC very pro- 
nounced. Butler (1966a)239 observed that D D T  may lie 
concentrated to a level 25>000 times that found in sur- 
rounding sea Ivater urithin 10 days. In  some instances, de- 
pending upon water temperature, duration of esposure, and 
concentration of D D T  in the surrounding water, biological 
magnification may be 70,000 times (Butler 196611).~~~ Some 
shellfish species, particularly blue mussel (A[rtr'lus edidIS), 
appear to have a higher concentration factor than other 
species (Modin I 969,?j3 Foehrenbach 1972).?'j 

In  1966, a nationwide suweillance system was initiated 
by the US. Bureau of Commercial Fisheries to monitor 
permanent mollusk populations and determine the extent 
of pesticide pollution in North American estuaries. Butler 
(1969)?'] reported that sampling during the first three years 
did not indicate any consistent trends in estuarine pesticide 
pollution. Distinct seasonal and geographical differences in 
pollution levels were apparent. Pesticides most commonly 
detected in order of frequency were D D T  (including its 
metabolites), endrin, toxaphene, and mirex. The  amounts 
detected in North American estuaries varied. In Wash- 
ington, less than 3 per cent of the sampled shellfish were 
contaminated with DDT. Residues were always less than 
0.05 mg/l. O n  the Atlantic Coast, D D T  residues in oysters 
varied from less than 0.05 mg/l in marine estuaries to less 
than 0.5 mg/l in others. I n  a monitoring program for 
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TABLE Z4Recommended Guidelines for Pesticide h e k  
in Shellfish 

Aldrins.. ..................................................... 
BHC ................................... 
Chludmt .................................................... 
DDn 
DDE) LNY OWE OR ALL NO7 TO EXCEED ................ 
ODD) 
D u l d n n a . .  ........................................ 
Endrin4. ............................................ 
Hrpllrhb~.. ................................................. 
Hrpcrhicd E p o d d r  ........................................... 
bndana ...................................................... 
M,lhorychlor .................................... 
l4.0 ........................................................ 

o.m 
0.m 
0.01 

1.Y) 

0.20 
o.m 
o.m 
o.m 
0. m 
o. m 

0.20 

II is  m m m t n d e d  Uut il lhc wmbined nhus o b b i m d  lor Lldrin, Dialdrin. Endrin. HeDlwhla. and Hepbchlv 
@ride a u w d  0.20 ppm, cuch nlucr be considered ai"a~"bRIr r)lish indiotr tho need la t n w w u d  n m p ' i n l  
until nub indicate lha brelr are IOLtdini. I1 i s  lurther rocommended Uul when l e  combined nlucr Io( UI, 
&ore tin pertinder ruch ma 0.15 ppm rsl, lha Drear be dosed until il u n  be demmrirrled Ibal Ibe bnb ara 
roccdinl. 

U.S. Depftnbnt o( H e a h  Wuotion and Wenare. Public HUM kmsc lSS.9:. 

chlorinated hydrocarbon pesticides in estuarine organisms 
:n marine \caters of Long Island, New \'ark? Foehrenbach 
(1972)?4" found that residues of DDT, DDD, DDE. and 
dieldrin in shellfish were well \vithin the proposed limits of 
thc 6th National Shellfish Sanitation \\'orkshop (1 968)262 
(see Table 14) .  For most cases, the levels detected were 
10- to 20-fold less than the recommendations for D D T  and 
its metabolites, and in many instances concentrations in 
the shellfish were lower by a factor of 100. 

Although pesticide levels in many estuaries in the United 
States are low, the marked aliility of shellfish to concentrate 
pesticides indicates that the levels approached in waters 
may be considered significant in certain isolated instances 
(Environmental Protection Agency 197 l).?" 

Recommendation 

Concentrations of pesticides in fresh and marine 
waters that provide an adequate level of protection 
to shellfish are recommended in the Freshwater 
and Marine Aquatic Life and Wildlife Reports, 
Sections I11 and IV. Levels that protect the human 
consumer of shellfish should be based on pesticide 
concentrations in the edible portion of the shell- 
fish. Recommended human health guidelines for 
pesticide concentrations in shellfish have been sug- 
gested by the 6th National Shellfish Sanitation 
Workshop (1968)*6?, Table 1-4. They are recom- 
mended here as interim guidelines. 

Marine Biotoxinr 

Paralytic poisoning due to the ingestion of toxic shellfish, 
while not a major public health problem, is a cause of 
concern to health officials because of its extreme toxicity, 
and because there is no known antidote. u p  to 1962, more 
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than 957 cases of paralytic shellfish poisoning are known 
to have occurred, resulting in at  least 222 deaths in the 
United States (Halstead 1965).2' 

Paralytic shellfish poison is a non-protein, acid-stable, 
alkali-labile biDtoxin nearly 10,000 times as lethal as sodium 
cyanide. The original source of the poison is a species of 
unicellular marine dinoflagellates, genus Gonyadax. Cony- 
aulax cantenella, perhaps the best known of the toxic dino- 
flagellates, is found on the Pacific Coast. Gonyau!ax tamorensis 
is the causative organism of paralytic shellfish poison on 
the Atlantic Coast of Canada and the northern United 
States. Other dinoflagellate species have been identified in 
outbreaks of paralytic shellfish poisoning outside the United 
States (Halstead 1965).247 

Mollusks and other seashore animals may become poison- 
ous ' if they consume toxic planktonic algae. Mussels and 
clams are the principal species of edible mollusks that 
reach dangerous levels of toxicity. Although oysters can 
also become toxic, their apparent uptake of toxin is usually 
lower; and they are usually reared in areas free of toxic 
(Dupuy and Sparks 1968).24a 

The level of toxicity of shellfish is proportional to the 
number and poison content of Gonyaulax ingested. When 
large numbers of Gonyadax are present in the water, shellfish 
toxicity may rise rapidly to dangerous levels (Prakash and 
Medcof 1962).258 The extent of algal growth depends on 
the combination of nutrients, salinity, sunlight, and temper- 
ature. Massive blooms of algae are most likely to occur in 
the warm summer months. In the absence of toxic algae, 
the poison that had been stored in the shellfish is eliminated 
by a purging action over a period of time (Sommer and 
Meyer 1937).260 

Although Gonyaulax only blooms in the warmer months, 
shellfish are not necessarily free from toxin during the rest 
of the year, as there is great variation in the rates of uptake 
and elimination of the poison among the various species of 
mollusks. I t  is possible for certain species to remain toxic 
for a long period of time. Butter clams, for example, store 
the toxin for a considerable length of time, especially under 
cold climatic conditions (Chambers and Magnusson 
1 950).*42 

Cooking by boiling, steaming, or pan frying does not 
remove the danger of intoxication, although it does reduce 
the original poison content of the raw meat to some extent. 
Pan frying seems to be more effective than other cooking 
methods in reducing toxicity probably because higher 
temperatures are involved. If the water in which shellfish 
have been boiled is discarded, most of the toxin will be 
removed (McFarren et al. 1965).25* 

A chemical method for the quantitative determination of 
the poison has been devised, but the most generally used 
laboratory technique for determining the toxicity of shellfish 
is a bioassay using mice. The toxin extracted from shellfish 

is injected into test mice and the length of time elapsing 
from injection of the mice to the time of their death can 
be correlated with the amount of poison the shellfish con- 
tain. The quantity of paralytic shellfish poison producing 
death is measured in mouse units. 

RecommendaViosp 

Since there is no analytical measurement for the 
biotoxin in water, shellfish should not be harvested 
from any areas even if "approved" where analysi8 
indicates a Gonyuufux shellfish toxin poison con- 
tent of 80 micrograms or hipher, or where s 
Cigu~terica-like toxin reaches 20 mouse units per 
100 grams of the edible portions of raw shellfish 
meat. 

?race Mehlo  

The hazard to humans of consuming shellfish containing 
toxic trace metals has been dramatized by outbreaks of 
Minimata in Japan. Pringle et al. (1968)259 noted that the 
capacity of shellfish to concentrate in vivo some metals to 
levels many hundred times greater than those in the en- 
vironment means that mollusks exposed to pollution may 
contain quantities sufficient to produce toxicities in the 
human consumer. 

Recommendation 

Concentrations of metals in fresh and marine 
waters that provide an adequate level of protection 
to shellfish are recommended in the Freshwater 
and Marine Aquatic Life and Wildlife Sections, 
11% and IV. Recommendations to protect the hu- 
man consumer of shellfish should be based on trace- 
metal content of the edible portions of the shell- 
fish, but necessary data to support such recom- 
mendations are not currently available. 

Radionuclides 

Radioactive wastes entering water present a potential 
hazard to humans who consume shellfish growing in such 
water. Even though radioactive material may be discharged 
into shellfish growing waters at levels not exceeding the 
applicable standards, it is possible that accumulation of 
radionuclides in the aquatic food chain may make the 
organisms used as food unsafe. The radionuclides Zna5 and 
Po (National Academy of Sciences 1957)4w are known to 
be concentrated in shellfish by five orders of magnitude 
( IO5). Therefore, consideration must be given to radioactive 
fallout or discharges of wastes from nuclear reactors and 
industry into shellfish growing areas. For further discussion 
of this subject see Section IV, Marine Aquatic Life and 
Wildlife, p. 270. 
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WATER QUALITY CONSIDERATIONS FOR WATERS OF SPECIAL VALUE 

WILD AND SCENIC RIVERS 

There are still numerous watersheds in the United States 
that are remote from population centers. Almost inaccessible 
and apparently free from man’s developmental influences, 
these watersheds are conducive to mental as well as physical 
relaxation in the naturalness of their surroundings. To as- 
sure the preservation of such natural beauty, the Wild and 
Scenic Rivers Act of 1968 established in part a national 
system of wild and scenic rivers (US.  Congress 1968).269 
Eight rivers designated in the Act in whole or in part 
constituted the original components of the system : 

1. Clearwater, Middle Fork, Idaho 
2. Eleven Point, Missouri 
3. Feather, California 
4. Rio Grande, New Mexico 
5. Rogue, Oregon 
6. 
7. Salmon, Middle Fork, Idaho 
8. Wolf, Wisconsin 

All or portions of 27 other rivers were mentioned specifi- 
cally in the Act as being worthy of inclusion in the system 
if studies to be conducted by several federal agencies showed 
their inclusion to be feasible. Certainly there are many more 
rivers in the nation worthy of preservation by state and 
local agencies (U.S. Department of the Interior, Bureau of 
Outdoor Recreation, 1970).*70 In Kentucky alone, it was 
found that 500 streams and watersheds, near urban areas, 
would serve purposes of outdoor recreation in natural en- 
vironments (Dearinger 1968).*64 

Characteristically, such wild river areas are: (a) accessible 
to man in only limited degrees; (b) enjoyed by relatively 
few people who actually go to the site; (c) visited by scout 
troops or other small groups rather than by lone indi- 
viduals; and (d) productive of primarily intangible, aesthetic 
benefits of real value though difficult to quanttfy (U.S. 
Outdoor Recreation Resources Review Commission 1962.”’ 
Sonnen et al. 1970*e7). 

The quality of natural streams is generally good, pri- 
marily because man’s activities leading to waste discharges 

Saint Croix, Minnesota and Wisconsin 

are minimal or nonexistent in the area.* However, fecal 
coliform concentrations in some natural waters have been 
found to be quite high following surface runoff (Betson and 
Buckingham unpublished repporf 1970;*” Kunkle and Meiman 
1967*66), indicating the possible presence of disease-causing 
organisms in these waters. The sources of fecal coliforms in 
natural waters are wild and domestic animals and birds, 
as well as human beings who occasionally visit the area. 
Barton (1969)*63 has also reported that natural areas may 
contribute significant loads of nitrogen, phosphorus, and 
other nutrients to the streams that drain them. These ‘\.,,, 
chemicals can lead to algal blooms and other naturally 
occurring but aesthetically unpleasant problems. Barton 
(1969)263 also points ou t  the paradox that a significant 
contributor to pollution of natural waters is the human 
being who comes to enjoy the uniquely unpolluted environ- 
ment. In addition to water-quality degradation, man also 
contributes over one pound per day of solid wastes or refuse 
in campgrounds and wilderness areas, a problem with which 
the Forest Service and other agencies must now cope 
(Spooner 1971).268 

This discussion has concentrated on M’ild and Scenic 
rivers. However, similar consideration should be given to 
the recognition and preservation of other wild stretches of 
ocean shoreline, marshes, and unspoiled islands in fresh 
and salt waters. 

\-,. 

WATER BODIES IN URBAN AREAS 

Many large water bodies are located near or in urban and 
metropolitan areas. These waters include major coastal 
eskaries and bays, portions of the Great Lakes, and the 
largest inland rivers. Characteristically, these waters serve 
a multiplicity of uses and are an economic advantage to the 

Some of the least mineralized natural watcn are those in high 
mountain areas fed By rainfall or snowmelt running across stable 
rock formations. One such stream on the eastern s lop of the Rocky 
Mountains has bcen found to have total dissolved solids conccntra- 
tiom often below 50 rng/l, aliform organism concentrations of 0 
to 300/ml, and turbidities of l a  than 1 unit (Kunkle and Mciman 
1967).“ 
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region and to the nation as a whole. In addition to pro- 
viding water supplies, they have pronounced effects on local 
weather and make possible valuable aesthetic and recre- 
ational pleasures, ranging from simple viewing to fishing 
and boating. 

Large urban waterways,. because of their location in 
densely populated areas, are heavily used commercially 
and are also in great demand for recreational and aesthetic 
purposes. Consequently, although swimming and other con- 
tact activities cannot always be provided in all such waters, 
quality levels supportive of these activities should be en- 
couraged. 

Water flow in the urban stream tends to be variable and 
subject to higher and more frequent flood flows than under 
“natural conditions,” because storm water runoff from 
buildings and hard-surfaced areas is so complete and rapid. 
T h e  impaired quality of the water may be due to storm water 
runoff, upstream soil erosion, or sewage discharges and low 
base flow. Whitman (1968)2n surveyed the sources of pol- 
lution in the urban streams in Baltimore and LVashington 
and reported that sewer malfunctions, many of which might 
be eliminated, were the largest causes of poor water quality. 
I n  large metropolitan areas with either separate or com- 
bined sewer systems, pollution of the urban waterway can 
be expected during heavy rainstorms when the streams may 
contain coliform concentrations in the millions per 100 ml. 
I n  addition, these flood waters flow with treacherous swift- 
ness and are filled with mud and debris. 

Small urban streams are even more numerous. Although 
these may have only intermittent flow, they have the ca- 
pacity to provide considerable opportunities for a variety 
of water-related recreation activities. Unfortunately, these 
in-city streams are more often eyesores than they are com- 
munity treasures. Trash, litter, and rubble are dumped 
along their banks, vegetation is removed, channels are 
straightened and concrete stream beds are constructed or 
even roofed over completely to form covered sewers. 

This abuse and destruction of a potential economic and 
social resource need not occur. T h e  urban stream can be 
made the focal point of a recreation-rela‘ted complex. T h e  
needs of the cities are many, and not the least of them is 
the creation of a visually attractive urban environment in 
which the role of water is crucial. 

T h e  reclamation of downtown sections of the San Antonio 
River in the commercial heart of San Antonio, Texas, is 
perhaps the best known and most encouraging example of 
the scenic and cultural potential of America’s urban streams 
(Gunn et al. 1971).265 From a modest beginning with WPA 
labor in the mid-I930’s, the restoration of about a one-mile 
portion of the river threading its way through the central 
business district has resulted in the creation of the Paseo 
Del Rio, or River Walk. Depressed below the level of 
adjacent streets, heavily landscaped with native and tropical 
vegetation, the river is bordered with pleasant promenades 
along which diners relax in outdoor cafes. Fountains and  

waterfalls add to the visual attractiveness, and open barges 
carry groups of tourists or water-borne diners to historic 
buildings, restaurants, clubs, and a River Theater. More 
popular with both local residents and tourists each year, the 
River FValk has proved to be a significant social and eco- 
nomic development, attracting commercial enterprises to 
a previously blighted and unattractive area. T h e  River 
Walk is widely visitcd and studied as a prototype for urban 
river reclamation, and it demonstrates that urban rivers 
can serve as the environmental skeleton on which a n  entire 
community amenity of major proportions can be built. 

OTHER WATERS OF SPECIAL VALUE 

Between the remote and seldom used waters of America 
a t  one extreme and the urban waterways at  the other are 
many unique water recreation spots that are visited and 
enjoyed by large numbers of tourists each year. Among 
these are Old Faithful, Crater Lake, T h e  Everglades, the 
Colorado River-Grand Canyon National Park, and  Lake 
Tahoe. These ecologically or geologically unique waters 
are normally maintained in very nearly their natural con- 
ditions, but access to them is freer and their monetary 
value is greater than that of the wild rivers. To many, 
however, their aesthetic value will always be greater than 
their monetary value. I t  is obviously impossible to establish 
nationally applicable quality recommendations for such 
waters. (It would be ludicrous, for example, to expect Old 
Faithful to be as cool as Crater Lake, or The Everglades 
as clear as Lake Tahoe.) Nonetheless, responsible agencies 
should establish recommendations for each of these waters 
that will protect and preserve their unique values. 

Municipal raw water supply reservoirs are often a po- 
tential source of recreation and aesthetic enjoyment. Peri- 
odic review of the recreational restrictions to protect water 
quality in such reservoirs could result in provision of ad- 
ditional recreational and aesthetic opportunities. (See also 
the general Introduction, p. 3-4 regarding preservation 
of aquatic sites of scientific value.) 

Conclusions 

To preserve or enhance recreational and aes- 
thetic values: 
o water quality supportive of general recreation is 

adequate to provide for the intended uses of wild 
and scenic rivers; 

0 water quality supportive of general recreation is 
adequate to protect or enhance uses of urban 
streams, prcwrided that economics, flow con- 
ditions, and safety considerations make these 
activities feasible; 

0 special criteria are necessary to protect the 
nation’s unique recreational waters with regard 
to their particular physical, chemical, OB bio- 
logical properties. 
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kfodern water management techniques and a wide va- 
riety of available water treatment processes make possible 
the use of raw water of almost any quality to produce an 
acceptable public water supply. For this reason it is both 
possible and desirable to consider water management al- 
ternatives and treatment procedures in making recommen- 
dations on the quality of raw water needed for public 
supplies. Furthermore, these recommendations must be 
consistent with the effort and money it is reasonable to 
expect an individual, company, or municipality to expend 
to produce a potable water supply. Defining a reasonable 
effort including treatment processes involves consideration 
of present water quality, the degree of improvement in raw 
water that is attainable within the bounds of natural con- 
trols on water quality, and the help that can be expected 
from society in cleaning up its waters. In  evaluating the 
basis for the recommendations in this Section, the Panel 
has left water management alternatives open wherever 
possible, but it has made certain arbitrary assumptions 
about the treatment process. 

The federal Drinking Water Standards for treated water 
for public supply (US. Department of Health, Education 
and LVelfare, Public Health Service 1962, hereafter referred 
to as PHS 1962')* are under review and revision, but the 
final standards were not available to the Panel on Public 
Water Supplies a t  the time of publication of this Report. 
The Panel did, however, have access to the data, references, 
and rationale being considered in the revision of Drinking 
Water Standards, and these have had a major influence on 
recommendations in this report. 

?WE DEFINED TREATMENT PROCESS 

Surface water supplies characteristically contain sus- 
pended sediment in varying amounts and are subject to 
bacterial and viral contamination. Therefore, it is assumed 
that the following defined treatment, and no more, will 
be given raw surface water in a properly operated plant 
prior to human consumption. 

1. coagulation (less than about 50 milligrams per liter 

O Citations arc listed at the end of the Section. They can be located 
alphabetically within subtopics or by their superior numbers which 
run consecutivdy across subtopica for the entire Sation. 

(mg/l) alum, ferric sulfate, or copperas with alkali or acid 
addition as necessary but without coagulant aids or acti- 
vated carbon) ; 

2. 
3. 

4. 

sedimentation (6 hours or less); 
rapid sand filtration (three gallons per square foot 

disinfection with chlorine (without consideration to 
per minute or more); 

concentration or form of chlorine residual). 

The panel recognizes that on the one hand some raw 
surface waters will meet federal Drinking Water Standards 
with no treatment other than disinfection, and that on the 
other hand almost any water, including sea water and 
grossly polluted fresh water, can be made potable for a 
price by available treatment processes already developed. 
However, the defined treatment outlined above is con- 
sidered reasonable in view of both the existing and generally 
attainable quality of raw surface waters, and the protection 
made imperative by the current practice of using streams 
to transport and degrade wastes. Assumption of the defined 
treatment process throughout this Section is not meant to 
deny the availability, need, or practicality of other water 
treatment processes. 

Unlike surface waters, ground waters characteristically 
contain little or no suspended sediment and are largely 
free of and easily protected from bacterial and viral con- 
tamination. (See Ground W o f e r  Characfnistics below for sig- 
nificant exceptions.) Therefore, no defined treatment is as- 
sumed for raw ground water designated for use as a public 
supply, although here again this does not deny the avail- 
ability, need, or practicality of treatment. Ground waters 
should meet current federal Drinking Water Standards in 
regard to bacteriological characteristics and content of 
toxic substances, thus permitting an acceptable public 
water supply to be produced with no treatment, providing 
natural water quality is adequate in other respects. The  
recommendations in this section based on considerations 
other than bacterial content and toxicity apply to ground 
waters as well as surface waters unless otherwise specified. 

WATER QUAUW RECOMMENDATIONS 

The Panel has defined water quality recommendations 
as those limits of charscteristics and concentrations of sub- 

50 



I 
1 
t 
c 
E 
I 
I 
1 

stances in raw waters that will allow the production of a 
safe, clear, potable, aesthetically pleasing and acceptable 
public water supply after treatment. In making these 
recommendations, the Panel recognized that most of the 
surface water treatment plants providing water for domestic 
use in the United States are relatively small, do not have 
sophisticated technical controls, and are operated by indi- 
viduals whose training in modem methods varies widely. 
The recommendations assume the use of the treatment 
process defined above but no more. 

Regional variations in natural water quality make it 
necessary to apply understanding and discretion when evalu- 
ating raw water quality in terms of the recommendations. 
Wherever water zoned for public supply fail to meet the 
recommendations in all respects, the recommendations can 
be considered the minimum goal toward which to work in 
upgrading water quality. In some instances the natural 
presence of certain constituents in raw water sources may 
make the attainment of recommended levels impractical 
or even impossible. When such constituents affect human 
health, the water cannot be used for public supply unless 
the constituent can be brought to Drinking Water Standards 
levels through a specially designed treatment process prior 
to distributicn to consumers. Where health is not a factor, 
the natural level of the constituent prior to man-made ad- 
ditions can be considered a reasonable target toward which 
to work, although determination of “natural quality” may 
require considerable effort, expense, and time. 

The recommendations in this report should by no means 
be construed as latitude to add substances to waters where 
the existing quality is superior to that called for in the 
recommendations. Degradation of raw water sources of 
quality higher than that specified should be minimized in 
order to preserve operational safety factors and economics 
of treatment. 

The Panel considered factors of safety for each of the 
toxic substances discussed, but numerical factors of safety 
have been employed only where data are available on the 
known no-effect level or the minimum effect level of the 
substances on humans. These factors were selected on the 
basis of the degree of hazard and the fraction of daily 
intake of each substance that can reasonably be assigned 
to water. 

The recommendations should be regarded as guides in 
the control of health hazards and not as fine lines between 
safe and dangerous concentrations. The amount and length 
of time by which values in the recommendations may be 
exceeded without injury to health depends upon the nature 
of the contaminant, whether high concentrations even for 
short periods produce acute poisoning, whether the effects 
are cumulative, how frequently high concentrations occur, 
and how long they last. All these factors must be considered 
in deciding whether a hazardous situation exists. 

Although some of the toxic substances considered are 
known to be associated with suspended solids in raw surface 
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waters and might thus be removed to some extent by the 
defined treatment process, the degree of removal of the 
various dissolved toxic substances is not generally known; 
and even if known, it could not be assured under present 
treatment practices. Therefore, in the interest of safety, it 
has usually been assumed here that there is no removal of 
toxic substances as a result of the defined treatment process. 

Substances not evaluated in this Section are not neces- 
sarily innocuous in public water supply sources. It would be 
impractical to prepare a compendium of all toxic, dele- 
terious, or otherwise unwelcome agents, both organic and 
inorganic, that may enter a surface water supply. In specific 
locations it may become necessary to consider substances 
not included in this section, particularly where local pol- 
lution suggests that a substance may have an effect on the 
beneficial use of water for public supplies. 

In summary: thc recommendations in this Section f o r  raw 
water qual ip  f o r  public sup,bIies are intended to assure that the 
water wi l l  be potable-for surface water, wi th  the defined treatment 
process; for ground water, wi th  no treatment. For ulaters zoned for 
public supp(y but not meeting the recommendations in all respects, 
the recommendations can be considered a minimum target toward 
which effarts at upgrading the qualify should be dirtcted. I n  some 
instances the natural qualify of raw water may make meding 
certain recommendations impractical or even impossiblt. For con- 
stituents f o r  which this is the case, and where health is not afactor ,  
the natural qualily of the water can br considered a reasonable 
target toward which to work, although detcrmination 4 “natural 
qualip” may require considerable effort, expense, and time. Il’hererler 
water qual ib  i s  found superior to that described in the recommen- 
dations, efforts should be made to minimize its degradation. 

SAMPLING AND MONITORING 

The importance of establishing an effective sampling and 
monitoring program and the difficulties involved cannot be 
overemphasized. A representative sample of the water 
entering the raw water intake should be obtained. Multiple 
sampling, chronologically and spatially, may be necessary 
for an adequate characterization of the raw water body, 
particularly for constituents associated with suspended solids 
(Great Britain Department of the Environment 1971 ;s 
Brown et al. 1970;’ Rainwater and Thatcher 1960‘). hfoni- 
toring plans should take into account the results of sanitary 
surveys ( U S  Department of Health, Education, and Wel- 
fare 1969;’ American Public Health Association, American 
Water Works Association, and Water Pollution Control 
Federation 1971’ hereafter referred to as Standard Methods 
19716) and the possibility of two types of water quality 
hazards: (1) the chronic hazard where constituent concen- 
trations are near the limit of acceptabdity much of the time, 
and (2) the periodic hazard caused by upstream release of 
wastes or accidental spills of hazardous substances into the 
stream. Samples for the determination of dissolved con- 
stituents only should be passed through a noncontaminat- 
ing filter at time of collection. 
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ANALYTICAL METHODS 

The recommendations are based on the use of analytical 
methods for raw water analysis as described in Standard 
Methods ( 1971).6 Other procedures of similar scientific 
acceptability are continuously evolving but whatever the 
analytical procedure used, the panel assumes that it will 
conform to thc statistical conccpts of precision, accuracy, 
and reporting style discussed in the introduction to Standard 
tMethods ( 1971).5 Analytical results should indicate whether 
they apply to a filtered or unfiltered sample. 

6ROUND WATER CHARACTERISTICS 

Development of water quality recommendations for 
ground water must provide for the significant differences 
between surface water and ground water. Ground water is 
generally not confined in a discrete channel. Its quality 
can be measured in detail only with difficulty and a t  great 
expense. A thorough knowledge of the hydrologic char- 
acteristics of the ground water body can be obtained only 
after extensive study. Movement of ground water can be 
extremely slow so that contamination occurring in one part 
of a n  aquifer may not become evident a t  a point of with- 
drawal for several, tens, hundreds, or even thousands of 
years. 

\Vastes mix differently with ground waters than they d o  
with surface waters. \Vhere allowance for a mixing zone in 
the immediate vicinity of a waste outfall can be provided 
for in surface water standards under the assumption that 
mixing is complete within a short distance downstream, 
dispersion of waste in a ground water body may not be 
complete for many years. At the same time, the long re- 
tention time will facilitate bacterial or chemical reactions 
with aquifer components that result in removal or decompo- 
sition of a pollutant to the point where it no longer degrades 
the aquifer. Because these reactions are imperfectly known 
and cannot be predicted a t  the present time, it is necessary 
to monitor the movement of waste in a ground water body 
from the point of introduction outward. Bodies of ground 
water cannot be monitored adequately by sampling a t  the 
point of use. 

Inadvertent or careless contamination of fresh ground 
water bodies is occurring today from the leaching of ac- 
cumulated salts from irrigation, animal feed lots, road salt, 
agricultural fertilizers, dumps, and landfills, or from leakage 
of sewer lines in sandy soil, septic tank effluents, petroleum 
product pipelines, and chemical waste lagoons. Another 
source of contamination is the upward movement of saline 
water in improperly plugged wells and drill holes, or as the 
result of excessive withdrawal of ground water. Deepwell 
injection causes intentional introduction of wastes into saline 
ground water bodies. 

Because of their common use as private water supplies 
in rural areas, all geologically unconfined (water-table) 
aquifers could be placed in a classification comparable to 

that for raw surface waters used for public water supplies. 
Even though not all waters in  these aquifers are suitable 
for use without treatment, such classification could be used 
to prohibit introduction of wastes into them. This in turn 
would restrict the use of landfills and other surface disposal 
practices. Limited use of the unsaturated zone for disposal 
of wastes would still be acceptable, provided that decompo- 
sition of organic wastes and sorption of pollutants in the 
zone of aeration were essentially complete before the drain 
water reached the water table. Bodies of artesian ground 
water in present use as public and private supplies could 
be similarly classified wherever their natural source of re- 
charge was sufficient to sustain the current yield and quality. 

Disposal of wastes in either of the above types of aquifers 
could be expressly forbidden on the basis of their classifi- 
cation as public water supplies. Furthermore, before dis- 
posal of wastes to the soil or bedrock adjacent to aquifers 
used or usable for public supply were permitted, it could 
be required that a geologic reconnaissance be made to de- 
termine possible effects on ground water quality. 

Water quality recommendations for raw ground waters 
to be used for public water supplies are more restrictive 
than water quality recommendations for raw surface water 
source because of the assumption that no treatment will be 
given to the ground waters. T h e  distinction between surface 
and ground waters is therefore necessary for proper appli- 
cation of the recommendations. I n  certain cases this dis- 
tinction is not easily made. For example, collector wells in 
shallow river valley alluvium, wells tapping cavernous 
limestone, and certain other types of shallow wells may 
intercept water only a short distance away, or after only a 
brief period of travel, from the point a t  which it was surface 
water. Springs used as raw water sources present a similar 
problem. Choice of the appropriate water quality recom- 
mendations to apply to such raw water sources should be 
based on the individual situation. 

WATER MANAGEMENT CONSIDERATIONS 

The purpose of establishing water quality recommen- 
dations and, subsequently, establishing water quality stand- 
ards is to protect the nation’s waters from degradation and 
to provide a basis for improvement of their quality. These 
actions should not preclude the use of good water manage- 
ment practices. For example, it may be possible to supple- 
ment streamflow with ground water pumped from wells, or 
to replace ground water removed from a n  aquifer with 
surface water through artificial recharge. These other 
sources of water may be of lower quality than the water 
originally present, but it should remain a management 
choice whether this lower quality is preferable to no water 
a t  all. In arid parts of the nation, water management 
practices of this sort have been applied for many years to 
partially offset the effects of “mining” of ground water 
(Le., its withdrawal faster than it can be recharged 
naturally). 
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Furthermore, it is possible, by merely removing ground 
water from the aquifer, to degrade the quality of that 
remaining-by inducing recharge from a surface or ground 
water body of lesser quality. I t  does not seem reasonable 
to forbid the use of the highquality water that is there 
because of this potential degradation. Of what value is it 
if it cannot be used? 

I t  would appear, then, that “degradation by choice” 
might be an alternative under certain conditions and 
within certain limits. This type of degradation is not com- 
parable to that resulting from disposal of wastes in the 
water body. I t  is simply the price exacted for using the 
water. In the case of mining without artificial recharge, 
the philosophy involved is the same as that applied to the 
mining of other nonrenewable resources such as metal 
ores or fossil fuels. Because considerations of recreation and 
aesthetics and the maintenance of fish and wildliie are 
generally not involved in this kind of management situation, 
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it is reasonable that water quality standards should provide 
for the mining and artificial recharge of bodies of ground 
water zoned for public supply. As in any water manage- 
ment program, it would be necessary to understand the 
hydrologic system and to monitor changes induced in the 
system by management activities. 

Preservation of water management choices can be pro- 
tected by water use classification. Classification of surface 
waters has not been based solely on the fact that those 
waters are being used for public supply at the present time. 
Presumably it has been based on the decision that the 
body of water in question should be usable for public 
supply with no more than the routine forms of water 
treatment, whether or not it is presently in use for that 
purpose. Conversely, failure to zone a body of water for 
public supply would not necessarily preclude its use for 
that purpose. Selective zoning could thus be used to assure 
desirable water management practices. 



AQRALONUUV 

Alkalinity is a measure of the capacity of a water to 
neutralize acids. Anions of weak acids such as bicarbonate, 
carbonate, hydroxide, sulfide, bisulfide, silicate, and phos- 
phate may contribute to alkalinity. The species composition 
of alkalinity is a function of pH, mineral composition, 
temperature, and ionic strength. 

The predominant chemical system present in natural 
waters is the carbonate equilibria in which carbonate and 
bicarbonate ions and carbonic acid are in equilibrium 
(Standards Methods 1971).8 The bicarbonate ion is usually 
more prevalent. A water may have a low alkalinity but a 
relatively high pH value or vice versa, so alkalinity alone 
may not be of major importance as a measure of water 
quality. 

The alkalinity of natural waters may have a wide range. 
An alkalinity below 30 to 50 mg/l, as CaCOs, may be too 
low to react with hydrolyzable coagulants, such as iron or 
aluminum salts, and still provide adequate residual alka- 
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linity to produce a water that is not excessively corrosive. 
Alkalinities below 25 mg/l, as CaCOs, may also lead to 
corrosive waters when only chlorination is practiced, since 
there would be inadequate buffer capacity to prevent the 
pH from dropping appreciably (Weber and Sturnm 1963).O 
Low alkalinity waters may be difficult to stabilize by 
calcium carbonate saturation which would otherwise pre- 
vent corrosion of the metallic parts of the system. 

High alkalinity waters may have a distinctly unpleasant 
taste. Alkalinities of natural waters rarely exceed 400 to 
500 mg/l (as CaCOs). 

Conclusion 

No recommendation can be made, because the 
desirable alkalinity for any water is associated with 
other constituents such as pH and hardness. FOP 
treatment control, however, i t  is desirable that 
there be no sudden variations in the alkalinity. 
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AMMONIA 

Ammonia may be a natural constituent of certain ground 
waters. In surface waters its concentration is normally 0.1 
mg/l or less as nitrogen. Higher levels are usually indicative 
of sewage or industrial contamination (McKee and Wolf 
1963).M 

Ammonia consumes dissolved oxygen as a result of its 
biochemical oxidation to nitrite and nitrate. Reliance on 
the biochemical oxygen demand (BOD) test (Standard 
Methods 197lS3) for measuring the efficiency of sewage 
treatment and the quality of effluents has focused attention 
principally on the oxygen requirements of carbona- Leous 
matter. Ammonia is therefore a common constituent of 
treated sewage, and much of the burden of satisfying the 
nitrogenous oxygen demand has, in general, been shifted 
from the sewage treatment plant to the receiving water 
(Sawyer and Bradney 1946," Ludzack and Ettinger 1962,29 
Johnson and Schroepfer 1964,24 Barth et al. 1966,'* Cour- 
chaine 1968,'* Barth and Dean 197OI1' :Holden 1970,r? 
Barth 197 1 ,lo Great Britain Department of the Environment 
197lIz1 Mt. Pleasant and Schlickenrieder 197lS'). 

Ammonia is sometimes corrosive to cuppti a d  copper 
alloys (LaQue and Copson 1 963,26 Butler and Ison 1966") ; 
it is also a potential algal and microbial nutrient in water 
distribution systems (Larson 1939;' Ingram and Macken- 
thun 1963**). 

Ammonia has a significant effect on the disinfection of 
water with chlorine. The reactions of ammonia with chlorine 

result in the formation of chloramine compounds having 
markedly less disinfecting efficiency than free chlorine. 
Ammonia substantially increases the chlorine demand at 
water treatment plants that practice free-residual chlori- 
nation. Approximately 10 parts of chlorine per part of 
ammonia nitrogen are required to satisfy the ammonia 
chlorine demand (Butterfield et al. 1943,'6 Butterfield and 
M'attie 1946,'5 Butterfield 1948," Fair et al. 1948,19 Kelly 

197128). I t  would therefore be desirable to have as low a 
level as possible in the raw water. 

However, since ammonia is present in ground water and 
in some surface water supply sources, particularly at cold 

treatment process with adequate chlorination, the cost of 
the treatment is the determining factor. In the previous 
edition of \Vater Quality Criteria (U.S. Department of the 
Interior, Federal Water Pollution Control Administration 
1968,s4 hereafter referred to as FWPCA 1968*O) a permis- 
sible level of 0.5 mg/l nitrogen was proposed. This is not a 
~ C Q E ~ C ~  number> hut it is considered to be tolerable. 

Recornmendotion 

Because ammonia may be indicative of pollution 
and because of its significant effect on chlorination, 
it is recommended that ammonia nitrogen in 
public water supply sources not exceed 0.5 mg/l. 

and Sanderson 1958,25 Clarke and Chang 1959,17 Laubusch -i' 

temperatures, and since it can be removed by the defined ., 
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Arsenic, a metalloid that occurs ubiquitously in nature, 
can be both acutely and chronically toxic to man. Although 
no form of arsenic is known to be essential, arsenic has 
been added in small amounts to animal feed as a growth 
stimulant. For 1,577 surface water samples collected from 
130 sampling points in the United States, 87  samples showed 
detectable arsenic concentrations of 5 to 336 micrograms 
per liter (rg/l) with a mean level of 64 rg/l (Kopp 1969).% 

The chemical forms of arsenic consist of trivalent and 
pentavalent inorganic and organic compounds. It is not 
known Lvhich forms of arsenic occur in drinking water. 
-4lthough'comb'nations of all forms are possible, it can be 
reasonably assumed that the pentavalent inorganic form is 
the most prevalent. Conditions that favor chemical and 
biological oxidation promote the shift to the pentavalent 
species; and conversely, those that favor reduction will 
shift the equilibrium to the trivalent state. 

Arsenic content in drinking water in most United States 
supplies ranges from a trace to approximately 0.1 mg/l 
(McCabe et al. 1970).52 No adverse health effects have been 
reported from the ingestion of these waters. 

Arsenic has been suspected of being carcinogenic (Paris 
1820,55 Sommers and hlcManus 1953,m Buchanan I 962,38 
Frost 1967,'5 Trelles et al. 1970,s1 Borgono and Greiber 
1972'9, but substantial evidence from human experience 
and animal studies now supports the position that arsenicals 
are not tumorigenic a t  levels encountered in the environ- 
ment (Snegireff and Lombard 1951,58 Baroni et al. 1963,35 
Boutwell 1963,a7 Hueper and Payne 1963," Pinto and 
Bennett 1963,56 Kanisawa and Schroeder 1967,49 hlilner 
1 969). 53 

Several epidemiological studies in Taiwan (Chen and 
Wu 1962)= have reported a correlation behveen the in- 
creased incidence of hyperkertosis and skin cancer with 
consumption of water containing more than 0.3 mg/l 
arsenic. A similar problem has been reported in Argentina 
(Trelles et al. 1970)." Dermatological manifestations of 
arsenicism were noted in children of Antofagasta, Chile, 
who used a water supply containing 0.8 mg/l arsenic. A 
new water supply was provided, and preliminary data 
showed that arsenic levels in hair decreased (Borgono and 
Greiber 1972).36 

Inorganic arsenic is absorbed readily from the gastro- 
intestinal tract, the lungs, and to a lesser extent from the 
skin and becomes distributed throughout the body tissues 
and fluids (Sollmann 1957)." I t  is excreted via urine, 
feces, sweat, and the epithelium of the skin (Dupont et al. 
1942," Hunter et al. 1942,48 Lowry et al. 1942,51 Ducoff 
et al. 1948,u Crema 1955," Musil and Dejmal 1957).s4 
During chronic exposure, arsenic accumulates mainly in 
bone, muscle, and skin, and to a smaller degree in liver and 
kidneys. This accumulation can be measured by analysis 
of hair samples. After cessation of continuous exposure, 
arsenic excretion may last up to 70 days (DuBois and 
Geiling 1959).42 

In  man, subacute and chronic arsenic poisoning may be 
insidious and pernicious. In mild chronic poisoning, the 
only symptoms present are fatigue and loss of energy. The 
following symptoms may be observed in more severe intoxi- 
cation; gastrointestinal catarrh, kidney degeneration, ten- 
ency to edema, polyneuritis, liver cirrhosis, bone marrow 
injury, and exfoliate dermatitis (DiPalma 1965," Goodman 
and Gilman 1965).46 I t  has been claimed that individuals 
become tolerant to arsenic. However, this apparent effect 
is probably due to the ingestion of the relatively insoluble, 
coarse powder, since no true tolerance has been demon- 
strated (DuBois and Geiling 1959).42 

The total intake of arsenic from food averages approxi- 
mately 900 pglday (Schroeder and Balassa 1966).57 At a 
concentration of 0.1 mg/l and an average intake of 2 liters 
of water per day, the intake from water would not exceed 
200 rg/day, or approximately 18 per cent of the total 
ingested arsenic. 

RecommendaR'on 

Because of adverse physiological effects on hu- 
mans and because there is inadequate idomation 
on the effectiveness of the defined treatment proc- 
ess in removing arsenic, it b recommended that 
public water supply SOWCWJ contain no more than 
0.1 mg/l total arsenic. 
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BACTERIA . 

Procedures for the detection of disease-causing bacteria, 
viruses, protozoa, worms, and fungi are complex, time- 
consuming, and in need of further refinement to increase 
the levels of sensitivity and selectivity. Therefore, an indirect 
approach to microbial hazard measurement is required. 

Coliform bacteria have been used as indicators of sanitary 
quality in water since 1880 when Eschcrica coli (E .  coli) and 
similar gram negative bacteria were shown to be normal 
inhabitants of fecal discharges. Although the total coliform 
group as presently recognized in the Drinking Water 
Standards includes organisms known to vary in charac- 
teristics, the total coliform concept merits consideration a5 
an indicator of sanitary significance, because the organisms 
are normally present in large numbers in the intestinal 
tracts of humans and other warm-blooded animals. 

Numerous stream pollution surveys over the years have 
used the total coliform measurement as an index of fecal con- 
tamination. However, occasional poor correlations to sani- 
tary significance result from the inclusion of some strains 
in the total coliform group that have a wide distribution in 
the environment and are not specific to fecal material. 
Therefore, interpretation of total coliform data from sewage, 

For example, Enterobacter (Aerobacter) anogcncs and Entcro- 
bactcr cloacae can be found on various types of vegetation 
(Thomas and McQuillin 1952,78 Fraser et al. 1956,66 
Geldreich et al. 1964,7a Papavassiliou et al. 196775), in soil 
(Frank and Skinner 1941,6b Taylor 1951," Randall 1956,76 
Geldreich et al: 1962b7*), and in water polluted in the past. 
Also included are plant pathogens (Elrod 1942)62 and other 
organisms of uncertain taxonomy whose sanitary significance 
is questionable. All of these coliform subgroups may be 
found in sewage and in polluted water. 

A more specific bacterial indicator of warm-blooded ani- 
mal contamination is fecal coliform, defined as those coli- 
form that can ferment lactose a t  44.5 C to produce gas in a 
multiple tube procedure (U.S. Department of Interior, 
Federal Water Pollution Control Administration 1966" 
hereafter referred to as (FWPCA 1966)" or acidity in the 
membrane filter procedure (M-FC medium : Geldreich 
et al. 1965).71 Research showed that 96.14 per Cent of the 

--11--*- e.*-*-- -..A .,__n v.t.=.-I ..r.t.=r~ rnrn~t;mpr rliffirlllt ,",,,,(! wa,c,, _.,u ,..,"!!,.,, ." "" .___.____ "_ I_-- _-___ 

57 

coliform in human feces was positive by this test (Geldreich 
et al. 1962a).'O Examination of the excrement from other 
warm-blooded animals, including livestock, poultry, cats, 
dogs, and rodents indicates that fecal coliform contriliute 
93.0 per cent of the total coliform population (F\I'PC.;I 
1966),64 Geldreich et al. 1968).68 

At the present time, the only data available from numer- 
ous fresh\vater stream pollution studies on a correlation of 
pathogen occurrence with varying levels of fecal coliform 
are for Salmonella (Geldreich 1 970,67 Geldreich and Bordner 
1971@). These data indicate a sharp increase in the fre- 
quency of Salmonella detection when fecal coliform dcnsities 
are above 200 per 100 milliliters (ml). For densities of 1 to 
200/100 ml, 41 examinations showed 31.7 per cent positive 
detection of Salmonella. For densities of 201 to 1,000 100 nil, 
30 examinations showed 83 per cent positive detection. For 
densities of 1,000 to 2,000, 88.5 per cent positi1.e detection 
was found in 17 examinations, and for densities above 
2,000, 97.6 per cent positive detection was found in 123 
examinations. 

The significance is further illustrated by a bacterial 
quality study at several water plant intakes along the 
Missniiri River. When fecal coliform exceeded 2,000 orga- 
nisms per 100 ml, Salmonella, Poliovirus types 2 and 3, and 
ECHO virus types 7 and 33 were detected (Environmental 
Protection Agency 1971).68 Any occurrence of fecal coli- 
form in water is therefore prime evidence of contamination 
by wastes of some warm-blooded animals, and as the fecal 
coliform densities increase, potential health hazards become 
greater and the challenge to water treatment more de- 
manding. 

A study of the bacteriological quality of raw water near 
six public intakes along the Ohio River showed that of 18 
monthly values with maximum total coliform densities in 
excess of 10,000 organisms per 100 ml, 12 were not paralleled 
by fecal coliform densities above 2,000 organisms per 100 
ml (ORSANCO Water Users Committee 1971).74 The 
fecal coliform portion of these total coliform populations 
ranged froin 0.2 to 12 per cent. Data from the Missouri 
River study showed total coliform densities at water intakes 
to be frequently in excess of 20,000 organisms per 100 ml 
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with concurrent fecal coliform densities above 2,000 (En- 
vironmental Protection Agency 197I).Oa This indicates less 
coliform aftergrowth, but proportionately more recent fecal 
pollution. 

The major limitation to the total coliform index is the 
uncertain correlation to the occurrence of pathogenic micro- 
organisms. However, fecal coliiorm occurrences in water 
reflect the presence of fecal contamination, which is the 
most likely source for pathogens. 

Total coliform measurements may be used as an al- 
ternative to fecal coliform measurements with the realization 
that such data are subject to a wide range of density 
fluctuations of doubtful sanitary significance. 

A well-operated plant using the defined treatment to 
process raw surface water meeting the recommendations 

below can be expected to meet a value of I total coliform 
per 100 ml with proper chlorination practice. When coli- 
form counts in raw surface water approach the recornmen- 
dations, both pre- and post-chlorination may be required 
to achieve proper disinfection. 

Recommendation 

In light of the capabilities of the defined treat- 
ment process for raw surface waters and the sta- 
tistical correlations mentioned, it is recommended 
that the geometric means of fecal coliform and 
total coliform densities in raw surface water sources 
not exceed 2,000/100 d and 20,000/100 ml, re- 
spec tivelg. 
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Barium (Ba) ingestion can cause serious toxic effects on 
the heart, blood vessels, and nerves. Barium enters the body 
primarily through air and water, since essentially no food 
contains barium in appreciable amounts. 

The solubility product of barium sulfate indicates that 
1.3 mg/l sulfate ion limits the solubility of barium to 1.0 
mg/l. There is some evidence that barium may be ad- 
sorbed by oxides or hydroxides of iron and manganese 
(Ljunggren 1955).83 For the public water supplies of the 
100 largest cities in the United States, the median barium 
concentration was 0.05 mg/l with a range of 0.01 to 0.058 
mg/l. For 1,577 samples of surface waters collected in 130 
locations in the United States the barium concentration in 
1,568 samples ranged from 2 to 340 pg/l with a mean of 
43 rg/l (Kopp 1969).8* 

Barium is recognized as a general muscle stimulant, 
especially of the heart muscle (Sollmann 1957).85 The fatal 
dose for man is considered to be from 0.8 to 0.9 grams(g) 
as the chloride (550 to 600 mg Ba). Most fatalities have 
occurred from mistaken use of barium salts incorporated in 
rat poison. Barium is capable of causing nerve block 
(Lorente and Feng 1946)84 and in small or moderate doses 
produces transient increase in blood pressure by vaso- 
constriction (Gotsev 1944) .81 

There apparently has been no study made of the amounts 
of barium that can be tolerated in drinking water, nor any 
study of the effects of long-term feeding of barium salts 
from which a standard might be derived. The present 
barium standard has been developed from the barium-in-air 
standard, 0.5 mg/cubic meter (ma) (American Conference 
of Governmental Industrial Hygienists 1 958),so based on 
the retention of inhaled barium dusts, and an estimate of 
the possible adsorption from the intestines (Stokinger and 
Woodward 1958).86 This value is 2 mg/l. The air standard 
provides no indication of the inclusion of a factor of safety. 
Therefore, it is reasonable to provide a factor of safety of 
2 for protection of heterogeneous population. 

Recommendation 

Because of the adverse physiological effects of 
barium, and because there are no data on the 
effectiveness of the defined treatment process on 
its removai, it is recommended thar a iimit foi 
barium of 1 mg/l not be exceeded in public water 
supply sources. 

BORON 

I: 
.) 

e 
The previous Report of the Committee on Water Quality 

Criteria (FWPCA 1 968)87 recommended a permissible limit 
of 1 mg/l for boron. When a new Drinking Water Standards 
Technical Review Committee was established in 1971, it 
determined that the evidence available did not indicate 
that the suggested limit of 1 mg/l was necessary. More 

information is required before deciding whether a specific 
limit is needed for physiological reasons. 

Whenever public water supplies are used to h iga t e  
plants, boron concentrations may be of concern because 
of the element's effect on many plants. For consideration 
of the possible effect of boron on certain irrigated plants, 
see Section V on Agricultural Uses of Water (p. 341). 
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Cadmium is biologically a nonessential, nonbeneficial 
element. The possibility of seepage of cadmium into ground 
water from electroplating plants was reported in 1954 when 
concentrations ranging from 0.01 to 3.2 mg/l were recorded 
(Lieber and Welsch 1954).07 Another source of cadmium 
contamination in water may be zinc-galvanized iron in 
which cadmium is a contaminant. For 1,577 surface water 
samples collected at  130 sampling points in the United 
States, 40 samples showed detectable concentrations of I 
to 20 pg/l of cadmium with a mean level of 9.5 pg/L Six 
samples exceeded 10 pg/l (Kopp 1969).OS 

Cadmium is an element of high toxic potential. Evidence 
for the serious toxic potential of cadmium is provided by: 
poisoning from cadmiumtontaminated food (Frant and 
Kleeman 194 I ) =  and beverages (Cangelosi 194 epi- 
demiologic evidence that cadmium may be associated with 
renal arterial ' hypertension under certain conditions 
(Schrwder 1965) ;lor epidemiologic association of cadmium 
with Zfai-ifai disease in Japan (Murata et al. 197O);Oo and 
long-term oral toxicity studies in animals (Fitzhugh and 
Meiller 1941,O' Ginn and Volker 1944,O' Wilson and DeEds 
1950).'04 

Symptoms of violent nausea were reported for 29 school 
children who had consumed fruit ice sticks containing 13-15 
mg/l cadmium (Frant and Kleeman'1941).= This would be 
equivalent to 1.3 to 3.0 mg of cadmium ingested. 

I t  has been stated that the concentration and not the 
absolute amount determines the acute toxicity of cadmium 
(Potts et al. I95O).lo1 Also, equivalent concentrations of 
cadmium in water are considered more toxic than concen- 
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trations in food because of the effect of components in the 
food. 

The association of cardiovascular disease, particularly 
hypertension, with ingestion of cadmium remains unsettled. 
Although conflicting evidence has been reported for man 
(Schroeder 1965,Im Morgan 1969)s8 and for animals (Kani- 
sawa and Schroeder 1969,O' Lener and Bibr 1970g6), it is 
notable that hypertension has not been associated with 
Ztai-ifai disease (Nogawa and Kawano 1969).lm 

In view of the cumulative retention of cadmium by 
hepatic (liver) and renal (kidney) tissue (Decker et al. 
1958,90 Cotzias et al. 1961,89 Schroeder and Balassa 196ILoa) 
and the association of a severe endemic h i - i f a i  disease 
syndrome with ingestion of as little as 600 pg/day (Yama- 
gata 1970),'05 Drinking Water Standards limit concentra- 
tions of cadmium to 10 rg/l so that the maximum daily 
intake of cadmium from water (assuming a 2 liter daily 
consumption) will not exceed 20 pg. This is one-third the 
amount of cadmium derived from food (Schroeder and 
Balassa 1961).10a A no-effect level for intake and accumula- 
tion of cadmium in man has not been established. 

RecommendaPion 

Because- of the adverse physiolo@al eflects of 
cadmium, and because there is inadequate infor- 
mation on the effect ob the defined treatment 
process on removal of cadmium, it is recommended 
that the cadmium concentration in public water 
supply sources not exceedl (P.(Pl(D rng/l. 
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CHLORIDE 

Chloride ion in high concentrations, as part of the total 
dissolved solids in water, can be detected by taste and can 
lead to consumer rejection of the water supply. In undefined 
high concentrations it may enhance corrosion of water 
utility facilities and household appurtenances (American 
Water Works Association 1971).'06 

For the public water supplies of the 100 largest cities in 
the United States, the median chloride concentration was 
13 mg/l with a range of 0 to 540 mg!l (Durfor and Becker 
1 964). '07 

The median chloride concentrations detected by taste 
by a panel of 10 to 20 persons were 182, 160, and 372 mg/l 
from sodium, calcium, and magnesium salts respectively 
(Whipple 1907)."0 The median concentration identified 
by a larger panel of 53 adults was 395 mg/l chloride for 
sodium chloride (Richter and MacLean 1939).'09 When 
compared with distilled water for a difference in taste, 
the median concentration was 61 mg/l. Coffee was affected 
in taste when brewed with 210 and 222 mg/l chloride from 
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sodium chloride and calcium chloride respectively (Lock- 
hart et al. 1955).'08 

On  the basis of taste and because of the wide range of 
taste perception of humans, and the absence of information 
on objectionable concentrations, a limit for public water 
supplies of 250 mg/l chloride appears to be reasonable where 
sources of better quality water are or can be made available. 
However, there may be a great difference between a de- 
tectable concentration and an objectionable concentration, 
and acclimatization might be an important factor. 

Recommendation 

On the basis of taste preferences, not because of 
toxic considerations, and because the defined treat- 
ment process does not remove chlorides, it is. 
recommended that chloride in public water supply 
sources not exceed 250 mg/l if sources of lower 
levels are available. 



Chromium is rarely found in natural waters. I t  may 
occur as a contaminant from plating wastes, blowdown 
from cooling towers, or from circulating water in refriger- 
ation equipment where it is used to control corrosion. It 
has been found in some foods and in air. Chromium can 
be detected in most biological systems. This does not prove 
it essential, although there is reasonable evidence that it 
does have a biological role (Mertz 1969).11p 

For 1,577 surface water samples collected at  130 sampling 
points in the United States, 386 samples showed concen- 
trations of 1 to 112 pg/l with a mean concentration of 
9.7 rg/l for chromium (Kopp 1969)."6 

The hexavalent state of chromium is toxic to man, pro- 
duces lung tumors when inhaled (Machle and Gregorius 
1948,"' US. Federal Security Agency, Public Health Serv- 
ice 195312'), and readily induces skin sensitizations. Tri- 
valent chromium salts show none of the effects of the 
hexavalent form (Fairhall 1957).11' The trivalent form is 
not likely to be present in waters of pH 5 or above because 
of the very low solubility of the hydrated oxide. 

At present, the levels of chromate ion that can be tolerated 
by man for a lifetime without adverse effects on health are 
undetermined. It is not known whether cancer will result 
from ingestion of chromium in any of its valence forms. 
A family of four individuals is reported to have drunk 
water for a period of three years with as high as 0.45 mg/l 

chromium in the hexavalent form without known effects 
on their health, as determined by a single medical exami- 
nation (Davids and Lieber 1951)."* 

Levels of 0.45 to 25 mg/l of chromium administered to 
rats in chromate and chromic ion form in drinking water 
for one year produced no toxic responses (MacKenzie et al. 
1 958).11* However, significant accumulation in the tissues oc- 
curred abruptly at  concentrations above 5 mg/l. Naumova 
(1965)'" demonstrated that 0.033 mg of chromium from 
potassium bichromate per kilogram (kg) of body weight 
in dogs enhanced the secretory and motor activity of the 
intestines. Although there does not appear to be a clearly 
defined no-effect level, other studies (Colin et al. 1932,'" 
Brard 1935,111 Gross and Heller 1946,'15 Schroeder et al. 
1963a,lz1 Schroeder et al. 1963blP) suggested that a concen- 
tration of 0.05 mg/l with an average intake of 2 liters of 
water per day would avoid hazard to human health. 

Recommendafion 

Because of adverse physiological effects, and be- 
cause there are insufficient data on the effect off 
the defined treatment process on the removal off 
chromium in the chromate form, it is recom- 
mended that public water supply sources POP drink- 
ing water contain no more than 0.05 m&/l total 
chromium. 

62 



COLOR 

Color in public water supplies is aesthetically undesirable 
to the consumer and is economically undesirable to some 
industries. Colored substances can chelate metal ions, 
thereby interfering with coagulation (Hall and Packham 
1965I"), and can reduce the capacity of ion exchange 
resins (Frisch and Kunin 196O).Im Another serious problem 
is the ability of colored substances to complex or stabilize 
iron and manganese and render them more difficult for 
water treatment processes to remove (Robinson 1963,Is5 
Shapiro 1 964Ia6). 

Although the soluble colored substances in waters have 
been studied for over 150 years, there is still no general 
agreement on their structure. A number of recent studies 
have indicated that colored substances are a complex mix- 
ture of polymeric hydroxy carboxylic acids (Black and 
Christman 1963a,125 1963b,126 Lamar and Goerlitz 1 963,133 
Christman and Ghassemi 1966,128 Lamar and Goerlitz 
1966IS4) with the measurable color being a function of the 
total organics concentration and the pH (Black and Christ- 
man 1963a,125 Singley et al. 1966Is7). 

The removal of color can be accomplished by the defined 
process when the dosage and the pH are adjusted as func- 
tions of the raw water color (Black et al. 1963,12' American 
Water Works Association Research Committee on Color 
Problems 1967).12' These relationships may not apply to 
colors resulting from dyes and some other industrial and 
processing sources that cannot be measured by comparison 
with the platinum-cobalt standards (Hazen 1892,15' 1 896.13? 
Standard Methods 1971138). Such colors should not 'be 
present in concentrations that cannot be removed by the 
defined process. 

Recommendation 

Because color in public water supply sources is 
aesthetically undesirable and because of the limi- 
tations of the defined 'treatment process, a maxi- 
mum of 75 platinum-cobalt color units is recom- 
mended. 
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COPPER 

Copper is frequently found in surface waters and  in some 
ground waters in low concentrations (less than 1 mg/l). It 
is a n  essential and beneficial element in human metabolism, 
and it is known that a deficiency in copper results in nu- 
tritional anemia in infants (Sollmann 1957)."' Because the 
normal diet provides only little more than what is required, 
a n  additional supplement from water may ensure a n  ade- 
quate intake. Small amounts are generally regarded as 
nontoxic; but large doses may produce emesis, and pro- 
longed oral administration may result in liver damage. 
For'l,j77 surface water samples collected at 130 sampling 

points in the United States, 1,173 showed concentrations of 
1 to 280 rg/l with a mean concentration of 15 pg/l (Kopp 
1969)." 

Copper imparts some taste to water, but the detectable 

range varies from 1 to 5 mg/l (Cohen e t  al. 1960"), 
depending upon the acuity of individual taste perceptions. 
Copper in public water supplies enhances corrosion of 
aluminum in particular and of zinc to a lesser degree. A 
limit of 0.1 mg/l has been recommended to avoid corrosion 
of aluminum (Uhlig 1963)."* 

T h e  limit of 1 mg/l copper is based on considerations of 
taste rather than hazards to health. 

Recommendatiom 

To prevent taste problems and because there is 
little information on the effect of the defined treat- 
ment process on the removal of copper, it is recom- 
mended that copper in public water supply sources 
not exceed P mg/l. 
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CY AN I DE 

Standards for cyanide in water have been published by 
the World Health Organization in “International Stand- 
ards for Drinking Water” (1963)”* and the “European 
Standards for Drinking Water” (1970).149 These standards 
appear to be based on the toxicity of cyanide to fish, not 
to man. Cyanide in reasonable doses (10 mg or less) is 
readily converted to thiocyanate in the human body and in 
this form is much less toxic to man. Usually, lethal toxic 
effects occur only when the detoxlfying mechanism is over- 
whelmed. The oral toxicity of cyanide for man is shown in 
the following table. 

Proper chlorination with a free chlorine residual under 
neutral or alkaline conditions will reduce the cyanide level 
to below the recommended limit. The acute oral toxicity 
of cyanogen chloride, the chlorination product of hydrogen 
cyanide, is approximately one-twentieth that of hydrogen 
cyanide (Spector 1955).146 

On the basis of the toxic limit calculated from the 
threshold limit for air (Stokinger and Woodward 1 958),14’ 

TABLE 11-1-Or01 Toxicity of Cyanide for Mon 
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and assuming a 2-liter daily consumption of water contain- 
ing 0.2 mg/l cyanide as a maximum, an appreciable factor 
of safety would be provided. 

Recommendation 

Because of the toxicity of cyanide, it is recom- 
mended that a limit of 0.2 mg/l cyanide not be 
exceeded in public water supply sources. 

DISSOLVED OXYGEN 

Dissolved oxygen in raw water sources aids in the elimi- 
nation of undesirable constituents, particularly iron and 
manganese, by precipitation of the oxidized form. It also 
induces the biological oxidation of ammonia to nitrate, 
and prevents the anaerobic reduction of dissolved sulfate 
to hydrogen sulfide. More importantly, dissolved oxygen 
in a raw surface water supply serves as an indicator that 
excessive quantities of oxygendemanding wastes are prob- 
ably not present in the water, although there can be sig- 
nificant exceptions to this. Therefore, it is desirable that 
oxygen in the water be at  or near saturation. On the other 
hand, oxygen enhances corrosion of treatment facilities, 
distributing systems, and houxhold appurtenances in many 
waters. 

Oxygen depletion in unmixed bodies of water can result 
from the presence of natural oxygendemanding substances 
as well as from organic pollution. Lakes and reservoirs 

may contain little or no oxygen, yet may be essentially free 
of oxygen-demanding wastes. This is because contact with 
the air is limited to the upper surface, and because thermal 
stratification in some lakes and reservoirs prevents oxy- 
genation of lower levels directly from the air. Similar con- 
ditions also occur in ground waters. 

Conclusion 

No recommendation is made, because the pres- 
ence of dissolved oxygen in a raw water supply has 
both beneficial and detrimental aspects. However, 
when the waters contain ammonia or iron and . 
manganese in their reduced form, the benefits of 
the sustained presence of oxygen a t  br near satu- 
ration for a period of time can be greater than the 
disadvantages. 
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FRUORBDE 

The fluoride ion has potential beneficial effects, but 
excessive fluoride in drinking water supplies produces ob- 
jectionable dental fluorosis that increases as a continuum 
with increasing fluoride concentration above the recom- 
mended control limits. In  the United States, this is the only 
harmful effect resulting from fluoride found in drinking 
water (Dean 1936,1m Moulton 1942,'58 Heyroth 1952,1s5 
lMcClure 1953,'s' Leone et al. 19f14,'~~ Shaw 1954,L5g U.S. 
Department of Health, Education, and Welfare, Public 
Health Service 1959'9. The fluoride concentrations exces- 
sive for a given community depend on climatic conditions 
because the amount of water (and consequently the amount 
of fluoride) ingested by children is primarily influenced by 
air temperature (Galagan 1953,151 Galagan and Lamson 
1953,152 Galagan and Vermillion 1957,lS5 Galagan et al. 
1 95 715'). 

Rapid fluctuations in raw water fluoride ion levels would 
create objectionable operating problems for treatment 
plants serving communities that supplement raw water 
fluoride concentrations. From the point of view of a water 
pollution control program any value less than that recorn- 

mended would generally be acceptable a t  a point of do- 
mestic water withdrawal. 

Recommendation 

Because of adverse physiological effects and be- 
cause the defined treatment process does nothing 
to reduce excessive fluoride concentrations, it is 
recommended that the maximum levels shown in 
Table PP-2 not be exceeded in public water supply 
sources. 

TABLE IZ-%Fluoride Recommendation 

1.4 
1.6 
1 0  
2.0 
2.2 
2. I 
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FOAMING AGENTS 

Many chemical substances occurring either naturally or 
as components of industrial or domestic waste will cause 
water to foam when agitated or when air is entrained. 
The  most common foaming agent in use today is the syn- 
thetic anionic surfactant, linear alkyl benzene sulfonate 
(LAS). Branched alkyl benzene sulfonate (ABS) was used 
prior to 1965 as a base for synthetic detergents. Because of 
its persistent foaming properties, however, ABS was re- 
placed by LAS. T h e  most objectionable property of sur- 
factants is their foaming capacity which can produce 
unsightly masses of foam in a stream or a t  the home tap. 
T h e  surfactants also tend to disperse normally insoluble or 
sorbed substances, thus interfering with their removal by 
coagulation, sedimentation, and filtration. 

Although conversion to the more readily biodegradable 
linear alkyl sulfonates by the detergent industry has de- 
creased the persistence of sulfonates in aerobic waters, 
measurable concentrations of these substances still can be 
found in both surface and ground waters. Concentrations 

of their reaction with methylene blue dye (Standard Meth- 
ods 1971).162 Concentrations of less than 0.5 mg/l, as 
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methylene blue active substances (MBAS), d o  not cause 
foaming or present serious interference in the defined treat- 
ment process and are well below the inferred limit (700 
mg/l) of toxicity to humans based on tests on rats fed diets 
of LAS (Buehler e t  al. 1971).161 I t  must be recognized that 
this procedure does not determine the total concentration 
of foaming agents, merely the concentration of materials 
that react with methylene blue, most of which are anionic 
surfactants. Although cationic and nonionic synthetic sur- 
factants d o  not respond, and not all substances that respond 
to the methylene blue process cause foaming, the methylene 
blue test is the best available measure of foaming properties. 

Recommendation 

To avoid undesirable aesthetic effects and be- 
cause the defined treatment process does little or 
nothing to reduce the level of foaming agents, it 

as methylene blue active substances mot exceed 
0.5 mg/I in public water supply sources. 

is reccx,mended that frrnming ._gent$ detetmirr_erl 
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HARDNESS 

Hardness is defined as the sum of the polyvalent cations 
expressed as the equivalent quantity of calcium carbonate 
(CaCOs). The most common such cations are calcium and 
magnesium. In  general, these metal ions in public water 
supply sources are not cause for concern to health, although 
there are some indications that they may influence the 
effect of other metal ions on some organisms (Jones 1938,168 
Cairns, Jr. and Scheier 1958,16' Mount 1966'"). Possible 
beneficial and detrimental effects on health have been 
postulated but not conclusively demonstrated (Muss 1962,17' 
Crawford and Crawford 1967,16' Crawford et al. 1968,165 
Masironi 1969,IM Voors 1971L7*). There is considerable 
variation in the range of hardness acceptable to a given 
community. Some consumers expect and demand supplies 
with a total hardness of less than 50 mg/l, expressed as 
equivalent CaCOs, while others are satisfied with total 
hardness greater than 200 mg/l. Consumer sensitivity is 
often related to the hardness to which the public has be- 
come accustomed, and acceptance may be tempered by 
economic considerations. 

The requirement for soap and other detergents is directly 
related to the water hardness (DeBoer and Larson 1961).107 
Of particular importance is the tendency for development 
of scale deposits when the water is heated. Variations in 
water hardness may be more objectionable than any given 
level. Waters with little or no hardness may be corrosive 
to water utility facilities, depending upon pH, alkalinity, 
and dissolved oxygen (American Water Works Association 
1971).16' Industrial consumers of public supplies may be 
particularly sensitive to variations in hardness. A water 
hardness must relate to the level normal for the supply and 
exclude hardness additions resulting in significant variations 
or general increases. 

Conclusion 

Acceptable levels for hardness are based on con- 
sumer preference. No quantitative recommen- 
dation for hardness in water can be specified. 
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IRON 

Iron (Fe) is objectionable in public water supplies because 
of its effect on taste (Riddick et a]. 1958,178 Cohen et al. 
196017b), staining of plumbing fixtures, spotting of laundered 
clothes, and accumulation of deposits in distribution systems. 
Iron occurs in the reduced state (Fe++), frequently in 
ground waters and less frequently in surface waters, since 
exposure to oxygen in surface waters results in oxidation, 
forming hydrated ferric oxide which is much less soluble 
(American Water Works Association 197 ]).I7* 

Statistical analysis of taste threshold tests with iron in 
distilled water free of oxygen at pH 5.0 showed that 5 per 
cent of the observers were able to distinguish between 0.04 
mg/l ferrous iron (added as ferrous sulfate) and distilled 
water containing no iron. At 0.3 mg/l, 20 per cent were 
able to make the distinction. When colloidal ferric oside 
was added, 5 per cent of the observers were able to dis- 
tinguish between 0.7 mg/l and distilled water. Thus the 
form of iron is important. The range of sensitivities of the 

. 
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observers was surprising, in that 5 per cent were unable to 
detect ferrous iron at a concentration of 256 rng,/l in distilled 
water. The taste of iron was variously described as bitter, 
sweet, astringent, and “iron tasting.” (Cohen et a]. 1960).175 

Concentrations of iron less than 0.3 rng,!l are generally 
acceptable in public water supplies as the characteristic 
red stains and deposits of hydrated ferric oxide do not 
manifest themselves (Hazen 1895,176 Mason 191 O!’?? Buswell 
1928’?‘). This is the principal reason for limiting the con- 
centration of soluble iron. 

Recommendation 

On the basis of user preference and because the 
defined treatment process can remove oxidized iron 
but may not remove soluble iron (Fe++), it  is recom- 
mended that 0.3 mg/l soluble iron not be exceeded 
in public water supply sources. 



LEAD 

Lead is well known for its toxicity in both acute and 
chronic exposures (National Academy of Sciences 1972).1w 
In technologically developed countries the widespread use 
of lead multiplies the risk of exposure of the population to 
excessive lead levels (Kehoe 1960a).184 For this reason, 
constant surveillance of the lead exposure of the general 
population via food, air, and water is necessary. 

Acute lead toxicity is characterized by burning in the 
mouth, severe thirst, inflammation of the gastrointestinal 
tract with vomiting and diarrhea. Chronic toxicity produces 
anorexia, nausea, vomiting, severe abdominal pain, paraly- 
sis, mental confusion, visual disturbances, anemia, and con- 
vulsions (The Merck Indexof Chemicals and Drugs 1960).lB0 

For 1,577 surface water samples collected from 130 sam- 
pling points in the United States, 11.3 per cent showed 
detectable concentrations of 0.002 to 0.140 mg/l with a 
mean of 0.023 mg/l (Kopp 1969).18' For the 100 largest 
cities in the United States, the finished waters were found 
to have a median concentration of 0.0037 mg/l and a 
maximum of 0.062 mg/l (Durfor and Becker 1964).IQ Of 
the 969 water supplies in a community water supply study 
conducted in 1969 (hfcCabe et al. 1970),188 the lead concen- 
trations in finished water ready for distribution ranged from 
0 to 0.64 mg/l. Fourteen of these supplies on the average 
exceeded the 0.05 mg/l limit for lead in drinking water 
(PHS 1962).lg1 Of 2,595 samples from distribution systems, 
37 exceeded the limit set by the Drinking Water Standards 
(PHS 1962).191 When standing in lead pipe overnight, acidic 
soft water in particular can dissolve appreciable concen- 
trations of lead (Crawford and Morris 1967).18' 

The average daily intake of lead via the diet was 0.3 mg 
in 1940 and rarely exceeded 0.6 mg (Kehoe et al. 1940a).186 
Data obtained subsequent to 1940 indicated that the intake 
of lead appeared to have decreased slightly since that time 
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(Kehoe 1960b,186 Schroeder and Balassa 196l).lB When, 
under experimental conditions, the daily intake of lead 
from all sources amounted to 0.5 to 0.6 mg over one year 
or more, a small amount was retained in normal healthy 
adults but produced no detectable deviation from normal 
health. Indirect evidence from industrial workers exposed 
to known amounts of lead for long periods was consistent 
with these findings (Kehoe 1947).18' 

Young children present a special case in lead intoxication, 
both in terms of the tolerated intake and the severity of the 
symptoms (Chisholm 1964).180 The most prevalent source 
of lead poisoning of children up  to three years of age has 
been lead-containing paint still found in some older homes 
(Byers 1 959,Im Kehoe 1 960a18'). 

Because of the narrow gap between the quantities of lead 
to which the general population is exposed through food 
and air in the course of everyday life, and the quantities that 
are potentially hazardous over long periods of time, lead 
in water for human consumption must be limited to low 
concentrations. 

A long-time intake of 0.6 mg lead per day is a level a t  
which development of lead intoxication is unlikely and the 
normal intake of lead from food is approximately 0.3 
mg/day. Assuming a 2 liter daily consumption of water 
with 0.05 mg/l lead, the additional daily intake would be 
0.1 mg/day or 25 per cent of the total intake. 

WecommsndsViopP 

Because of the todcity of lead to humans and 
because there is little information om the effective- 
ness of the defined treatment process in decreasine 
lead concentmtions, it is recommended that 0.09 
mp/l lead not be e x c d d  in public water supply 
sources. 
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MANGANESE 

Manganese (Mn) is objectionable in public water supplies 
because of its effect on taste (Riddick et d. 1958,Ig6 Cohen 
et al. 196010'), staining of plumbing fixtures, spotting of 
laundered clothes, and accumulation of deposits in distri- 
bution systems. Manganese occurs in the reduced state 
(Mn++), frequently in ground waters and less frequently 
in surface waters, since exposure to oxygen in surface 
waters results in oxidation to much less soluble hydrated 
manganese oxides (American Water Works Association 
197 I ).*Os 

Concentrations of manganese less than 0.05 mg/l are 
generally acceptable in public water supplies, because the 
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characteristic black stains and deposits of hydrated man- 
ganese oxides do not manifest themselves. This is the 
principal reason for limiting the concentration of soluble 
manganese (Griffin 1960) .Ie5 

Recommendation 

On the basis of user preference and because the 
defined treatment process can remove oxidized 
manganese but does little to remove soluble man- 
ganese (Mn++), it  is recommended that 0.05 mg/l 
soluble manganese not be exceeded in public water 
sources. 



Mercury (Hg) is distributed throughout the environment. 
As a result of industrial use and agricultural applications, 
significant local increases in concentrations above natural 
levels in water, soils, and air have been recorded (Wallace 
et al. 1971).204 I n  addition to the more commonly known 
sources of man’s mercury contributions, the burning of 
fossil fuels has been reported as a source of mercury pollution 
(Bertine and Goldberg 1971,’09 Joensuu 1971*). 

T h e  presence of mercury in  fresh and sea water was 
reported many years ago (Proust 1799,”‘ Garrigou 1877,=O‘ 
Willm 1879,2L0 Bardet 1913197). I n  Germany, early studies 
(Stock and Cucuel 1934,M6 Stock 1938205) found mercury 
in  tap water, springs, rain water, and beer. In  all water 
the concentration of mercury was consistently less than 
one pg/l, but the beer occasionally contained u p  to 15 pg/l. 
A recent survey (U.S. Department of Interior, Geological 
Survey 1970)211 demonstrated that 93 per cent of U.S. 
streams and rivers sampled contained less thab 0.5 pg/l of 
dissolved mercury. 

Aside from the exposure experienced in certain occu- 
pations, food, particularly fish, is the greatest contributor 
to the human body burden of mercury (Study Group on 
Mercury Hazards 1971).?06 The  Food and Drug .4dminis- 
tration (FDA) has established a guideline of 0.5 mg/kg 
for the maximum allowable concentration of mercury in 
fish consumed by humans, but it has not been necessary 
for the FDA to establish guidelines for other foodstuffs. 

Mercury poisoning may be acute or chronic. Generally, 
mercurous salts are less soluble in the digestive tract than 
mercuric salts and are consequently less acutely toxic. For 
man the fatal oral dose of mercuric salts ranges from 20 mg 
to 30 mg (Stokinger 1963).”’ Chronic poisoning from in- 
organic mercurials has been most often associated with 
industrial exposure, whereas that f’rom the organic deriva- 
tives has been the result of accidents or environmental 
contamination. 

O n  the basis of their effects on man, several of the mercury 
compounds used in agriculture and industry (such as 
alko.xyalkyls and  aryls) can be grouped with inorganic 
mercury to which the former compaunds are usually rne- 
tabolized. Alkyl compounds are the derivatives of mercury 
most toxic to man, producing illness from the ingestion of 
only a few milligrams. Chronic alkyl mercury poisoning is 
insidious in that it may be manifest after a few weeks or 
not until after a few years. 
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It has been estimated (Bergrund and Berlin 1969)’98 that 
of the total mercury ingested, more than 90 per cent is 
absorbed via the gastrointestinal tract when taken in the 
form of methyl mercury; but only 2 per cent is absorbed if 
it is in the form of mercuric ion (Clarkson 1971).m Human 
excreta reveal a biological half-life of methyl mercury in  
man of approximately 70 days (Study Group on Mercury 
Hazards 1971).20~ 

Acute mercury toxicity is characterized by severe nausea, 
vomiting, abdominal pain, bloody diarrhea, kidney damage, 
and death usually within ten days. Chronic exposure is 
characterized by inflammation of mouth and gums, swelling 
of salivary glands, excessive salivation, loosening of teeth, 
kidney damage, muscle tremors, spasms of extremities, 
personality changes, depression, irritability, and nervous- 
ness (The hlerck Index of Chemicals and Drugs 1960).?0a 

Safe levels of ingested mercury can be estimated from 
data  presented in “Hazards of Mercury” (Study Group on 
Mercury Hazards I97 From epidemiological evidence, 
the lowest whole blood concentration of methyl mercury 
associated with toxic symptoms is 0.2 pg/g, which, in turn, 
corresponds to prolonged, continuous intake by man of 
approximately 0.3 mg Hg/70 kg/day. iVhen a safety factor 
of 10 is used, the maximum dietary intake should be 0.03 
mg Hg/person/day (30 pg/’70 kgiday). It is recognized 
that this provides a smaller factor of safety for children. 
If exposure to mercury were from fish alone, the 0.03 mg 
limit would allow for a maximum daily consumption of 
60 g a m s  (420 g/week) of fish containing 0.5 mg Hg/kg. 
Assuming a daily consumption of 2 liters of water containing 
0.002 mg/l (2 rg/l) mercury, the daily intake would be 
4 pg. If 420 g of fish per week containing 0.5 mg Hg/kg 
plus 2 liters of water daily containing 0.002 mg/l mercury 
were ingested, the factor of safety for a 70 kg man would 
be 9. If all of the mercury is not in the alkyl form, or if 
fish consumption is limited, a greater factor of safety will 
exist. 

Wecommenddiom 

On the basis of adverse physiological effects and 
because the defined water treatment process has 
little or no effect on removing mercury at low levels, 
it is recommended that total mercury inn public 
water supply sources plot exceed 0.002 mg/L 
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NITRATE-N ITRITE 

Serious and occasionally fatal poisonings in infants have 
occurred following ingestion of well waters shown to contain 
nitrate (NOS) a t  concentrations greater than 10 mg/l 
nitrate-nitrogen (N). This was first associated with a tempo- 
rary blood disorder in infants called methemoglobinemia 
in 1945 (Comly 1945).*’* Since then, approximately 2,000 
cases of this disease have been reported from private water 
supplies in North America and Europe, and about 7 to 
8 per cent of the infants affected died (1Valton 1951,n3 
Sattelmacher 1962,218 Simon et  al. 1964*19). 

High nitrate concentrations are frequently found in 
shallow wells on farms and in rural communities. These 
are often the result of inadequate protection from barn 
yard drainage and from septic tanks (U.S. Department of 
Health, Education, and \$’elfare, Public Health Service 
1961,=’ Stewart e t  al. 19672?0). Increasing concentrations 
of nitrate in streams from farm tile drainage have been 
shown in regions of intense fertilization and farm crop 
production (Harmeson et al. 1971).214 

Many infants have drunk water with nitrate-nitrogen 
concentrations greater than 10 mg/l without developing 
the disease. Many public water supplies in the United 
States have levels of nitrate that routinely exceed the 
standard, but only one case of methemoglobinemia (Vigil 
e t  al. 1965)222 associated with a public water supply has 
thus far been reported. Rationale for degrees of suscepti- 
hi!ity tn mcthcmng!ohinemia have yet to be developed. 

T h e  development of methemoglobinemia, largely con- 
fined to infants less than three months old, is dependent 
upon the bacterial conversion of the relatively innocuous 
nitrate ion to nitrite (NO*-). Nitrite absorbed into the 
blood stream converts hemoglobin to methemoglobin. The  
altered pigment can then no longer transport oxygen, and 
the clinical effect of methemoglobinemia is that of oxygen 
deprivation or suffocation. Older children and adults d o  
not seem to be affected, but Russian research reported 
methemoglobin in  five- to eight-year-old school children 
where the water nitrate concentrations were 182 mg/l as N 
(Diskalenko 1968).21a 

Nitrite toxicity is well known, but a no-effect level has 
not been established. When present in drinking water 
nitrite would have a more rapid and pronounced effect 
than nitrate. Concentrations in  raw water sources are 
usually less than 1 mg/l as N, and chlorination to a free 
chlorine residual converts nitrite to nitrate. 

Several reviews and reports (Walton 1951,n8 Sattel- 
macher 1962,518 Simon et  al. 1964,519 Winton 1970,=’ 

Winton et al. 1971B5) generally pointed to 10 mg/l nitrate- 
nitrogen in drinking water as the maximum tolerance levels 
for infants. Sattelmacher (1962)*l8 showed 3 per cent of 
473 cases of infantile methemoglobinemia to be associated 
with levels of less than 9 mg/l as N. Simon and his associates 
(1964)*19 found 4.4 per cent of 249 cases to be associated 
with levels less than 11  mg/l as N. Analyses of available 
data  are hampered by the fact that samples for water 
analysis are sometimes collected weeks or months after the 
disease occurs, during which time the concentration of 
nitrate may change considerably. Hereditary defects, the 
feeding of nitrate-rich vegetables, or the use of common 
medicines may increase susceptibility to methemoglobi- 
nemia. Winton and his associates (197 I)n5 concluded that 
“there is insufficient evidence to permit raising the recom- 
mended limit.” 

Extensive reviews on methemoglobinemia associated with 
nitrate and nitrite have been provided by \Va!ton ( 1951),”3 
hliale (1967),216 and Lee (1970).1’5 They described the 
circumstances that contributed to the susceptibility of in- 
fants under three months of age to methemoglobinemia 
from nitrate. These included (a) the stomach p H  in infants, 
which is higher than that of adults and can permit growth 
of bacteria that can reduce nitrate to nitrite, and (b) infant 
gastrointestinal illness that may permit reduction of nitrate 
to nitrite to occur higher in the intestinal tract. 

Methernoglobin is normally present at levels of 1 per cent 
to 2 per cent of the total hemoglobin in the blood. Clinical 
symptoms are normally detectable only at levels of about 
10 per cent. Methemoglobin in the subclinical range has 
been generally regarded as unimportant. However, 10 
children (ages 12 to 14) were observed to have shown con- 
ditioned reflexes to both auditory and visual stimuli, as the 
result of a drinking water source with 20.4 mg/l nitrate- 
nitrogen. The  average methemoglobin in the blood was 
5.3 per cent (Petukhov and Ivanov 1970).*17 

Recommendation 

On the basis of adverse physiological effects on 
infants and because the defined treatment process 
has no effect on the removal of nitrate, it is recom- 
mended that the nitrate-nitrogen concentration 
in public water supply sources not exceed 10 mg/l. 

On the basis of its high toxicity and more pro- 
nounced effect than nitrate, it is recommended 
that the nitrite-nitrogen concentration in pub]’- 
water supply sources not exceed 1 mg/l. 
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NUUWULOUWBACEUAUE (NTA) 

Because of its possible large-scale use, nitrilotriacetate 
(NTA) should be evaluated in light of chronic low-level 
exposure via drinking water and its potential for adversely 
affecting the health of the general population. Although 
nitrilotriacetic acid, a white crystalline powder, is insoluble 
in water, the tribasic salt is quite soluble. 

NTA has strong affinity for iron, calcium, magnesium, 
and zinc (Bailar 1956).Be Its relative affinity for toxic 
metals such as cadmium and mercury is not presently 
known, nor have its chelating properties in complex ionic 
solutions been characterized. Copper and lead concen- 
trations in biologically treated waste water after flocculation 
with aluminum sulfate (125 mg/l) are a function of the 
NTA present (Nilsson 1971).=' No information is available 
on the toxicity of such chelates. No cases of acute human 
poisoning by NTA have been reported. 

In the natural environment, NTA is biodegraded to Cot ,  

NO% and HZO, with glycine and ammonia as intermediates 
(Thompson and Duthie 1968).=* This appears to occur 
within four to five days. Degradation is accelerated by 
biological waste treatment. Conversion of NTA to nitrate 
is on a 1 to 1 molar basis. 

Conclusion 

No recommendation concerning NTA is made at 
this time because of the absence of data on affinity 
for toxic metals, the absence of adequate toxicity 
data, and the absence of demonstrable effects on 
man, and because there is doubt about its potential 
use as a substitute for phosphates in detergents. 
Toxicity information should be developed and 
evaluated to establish a reasonable recommen- 
dation prior to its use as a substitute. 

ODOR 

Odor and taste, which are rarely separable, are the 
primary means by which the user determines the accepta- 
bility of water. The absence of odor is an indirect indication 
that contaminants such as phenolic compounds are also 
absent, or nearly so. (See Phenolic Compounds, in this sec- 
tion, p. 80) Although odor cannot be directly correlated 
with the safety of the water supply, its presence can cause 
consumers to seek other supplies that may in fact be less 
safe. 

1966,25' American Water Works Association, Committee 
on Tastes and Odors, 19702"). The defined treatment 
process can aid in the removal of certain odorous sub- 
stances (American Water Works Association 197 I ) ,m but, 
it may in other cases increase the odor (Silvey et al. 1950)25' 
as by the chlorination of phenolic compounds explained 
on p. 80. 

Recommendation 

Many odor-producing substances in raw water supplies For aesthetic reasons, public water supply 
sources should be essentially free from objection- 
ableodor. 

are organic compounds produced by microorganisms and 
by human and industrial wastes (Silvey 1953,'= Rosen 

OUL AND GREASE 

Oil and grease, as defined by Standard Methods (1971),L" 
occurring in public water supplies in any quantity cause 
taste, odor, and appearance problems (Braus et al. 1951,2a5 
Middleton and Lichtenberg 1960,'" Middleton 1961a,9" 
American Water Works Association 19661*O), can be haz- 
ardous to human health (The Johns H o p h  University, 
Department of Sanitary Engineering and water Kesources 
1956,2n McKee and Wolf 1963*a8), and are detrimental 
to the defined treatment process (Middleton and Lichten- 
berg 1960).'a Even small quantities of oil and grease can 

produce objectionable odors and appearance, causing re- 
jection of the water supply before health or treatment 
problems exist (Holluta 1961,456 McKee and Wolf 1963).2a* 

WscommemdaViom 

On the basis of d o u  and other aesthetic con- 
sidemtions affecting us@~ preierence and because 
oil and grease are umsnmmsl ingredients inn water, 
it is recommended that public water supply sources 
be essentially free from oil and grease. 
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ORGANICS-CARBON ADSORBABLE 

Organics-carbon adsorbable are composed of carbon- 
chioroform extract (CCE) (Middleton 1961 b)245 and carbon- 
alcohol extract (CAE) (Booth et al. 1965,243 Standard 
Methods 19712'*). CCE is a mixture of organic compounds 
that can be adsorbed on activated carbon and then desorbed 
with chloroform (Booth et al. 1965).2'a Middleton and 
Rosen ( 1956)*46 showed the presence of substituted benzene 
compounds, kerosene, polycyclic hydrocarbons, phenyl- 
ether, acrylonitrile, and insecticides in CCE materials. 
CAE is a mixture of organic compounds that can be ad- 
sorbed on activated carbon, then desorbed with ethyl alcohol 
after the chloroform soluble organics have been desorbed 
(Booth et al. 1965).243 

Hueper and Payne (1963)244 showed that CCE materials 
had carcinogenic properties when ingested by rats. This 
study also suggested a life-shortening effect in rats fed CAE 
materials (Federal Water Pollution Control Administration 
ojice memorandum 1963).249 The CAE material also contained 
at least one synthetic organic, alkyl benzene sulfonate 
(Rosen et al. 1956).*" 

It is important to recognize that the carbon usually does 
not adsorb all organic material present, nor is a11 the 
adsorbed material desorbed. 

Organics-carbon adsorbable recommendations represent 
a practical measure of water quality and act as a safeguard 
against the intrusion of excessive amounts of ill-defined 
potentially toxic organic material into water. They have 
served in the past as a measure of protection against the 
presence of otherwise undetected toxic organic materials in 
drinking water. However, they provide a rather incomplete 
index of the health significance of such materials in potable 
waters. 

In 1965 Booth and his associates (1965)243 developed a 
Carbon Adsorption Method (CAM) similar to the High- 
Flow CAM Sampler but with a longer contact time be- 

tween the sample and the activated carbon. This sampler, 
called the Low-Flow CAM Sampler, increased organic 
adsorption and therefore overall yield of the determination. 

Since that time a more reliable collection apparatus, 
called the Mini-Sampler, has been developed (Beulow and 
Carswell 1 972).242 In addition, the Mini-Sampler also used 
a type of coal-based activated carbon that enhanced organic 
collection. Further, the extraction apparatus has been 
miniaturized to be less expensive and more convenient, 
and the procedure modified to be more vigorous, thereby 
increasing desorption and organic recovery (Beulow and 
Carswell 1972).242 However, the Mini-Sampler has not 
been evaluated using raw waters at this time. Therefore, 
the Low-Flow Sampler (Booth et al. 1965)243 was used for 
establishing the recommendation. 

Adjustment of the High-Flow Sampler data (1961 Inter- 
state Carrier Surveillance Program) to make them com- 
parable to the recent results from the Low-Flow Sampler 
show that waters with concentrations exceeding either 0.3 
mg CCE/I or 1.5 mg CAE/I may contain undesirable 
and unwarranted components and represent a generally 
unacceptable level for unidentified organic substances. 

Recommendation 

Because large values of CCE and CAE are aes- 
thetically undesirable and represent unacceptable 
levels of unidentified organic compounds that may 
have adverse physiological effects, and because the 
defined treatment process has little or no effect on 
the removal of these organics, it is recommended 
that organics-carbon adsorbable as measured by 
the Low-Flow Sampler (Standard Methods 197124) 
not exceed 0.3 mg/l CCE and 1.5 mg/l CAE in 
public water supply ~ources. 

75 



Pesticides include a great many organic compounds that 
are used for specific or general purposes. Among them are 
chlorinated hydrocarbons, organophosphorus and carba- 
mate compounds, as well as the chlorophenoxy, and other 
herbicides. Although these compounds have been useful in 
improving agricultural yields, controlling disease vectors, 
and reducing the mass growth of aquatic plants in streams 
and reservoirs, they also create both real and presumed 
hazards in the environment. 

Pesticides differ widely in chemical and toxicological 
characteristics. Some are accumulated in the fatty tissues 
of the body while others are metabolized. The biochemistry 
of the pesticides has not yet been completely investigated. 
Because of the variability in their toxicity to man and their 
wide range of biodegradability, the different groups of 
pesticides are considered separately below. 

Determining the presence of pesticides in water requires 
espensive specialized equipment as well as specially trained 
personnel. In smaller communities, it is not routine to make 
actual quantitative determinations and identifications. 
These are relegated to the larger cities, federal and state 
agencies, and private laboratories that monitor raw waters 
at selected locations. 

CflLORIHAPED WYDROCARBOW IHSECPICIDES 

The chlorinated hydrocarbons are one of the most im- 
portant groups of synthetic organic insecticides because of 
their number, wide use, great stability in the environment, 
and toxicity to certain forms of wildlife and other nontarget 
organisms. If absorbed into the human body, some of the 
chlorinated hydrocarbons are not metabolized rapidly but 
are stored in fatty tissues. The consequences of such storage 
are presently under investigation (Report of the Secre- 
tary’s Commission on Pesticides and Their Relationship to 
Environmental Health. U.S. Department of Health, Edu- 
cation, and LVelfare 1969).284 The major chlorinated hydro- 
carbons have been in use for a t  least three decades, and vet 
no definite conclusions have been reached regarding the 
effect of these pesticides on man (HEW 1969).284 

Regardless of how they enter organisms, chlorinated 
hydrocarbons cause symptoms of poisoning that are similar 

but differ in severity. The severity is related to concentration 
of the chlorinated hydrocarbon in the nervous system, 
primarily the brain (Dale et al. 1963).256 Mild intoxication 
causes headaches, dizziness, gastrointestinal disturbances, 
numbness and weakness of the extremities, apprehension, 
and hyperirritability. In  severe cases, there are muscular 
fasciculations spreading from the head to the extremities, 
followed eventually by spasms involving entire muscle 
groups, leading in some cases to convulsions and death. 

Very few long term studies have been conducted with 
human volunteers. The highest level tested for dieldrin was 
0.211 mg/man/day for 2 years with no observed illness 
(Hunter and Robinson 1967,268 Hunter et al. 1969).269 Since 
aldrin is metabolized to dieldrin and has essentially the 
same toxicity as dieldrin, these data can also be applied 
to aldrin. 

Methoxychlor levels of 140 mg/man/day produced no 
illness in subjects over a period of 8 weeks (Stein et al. 
1965).250 The maximum level of DDT seen to have no 
apparent ill effect was 35 mg/man/day for 2 years (Hayes 
et al. 1971).?65 

The dosage is one of the most important factors in ex- 
trapolating to safe human exposure levels. Using tumor- 
susceptible hybrid strains of mice, significantly increased 
incidences of tumors were produced with the administration 
of large doses of DDT (46.4 mg/kg/day) (Innes et al. 
1969).270 In a separate study in mice extending over five 
generations, a dietary level of 3 ppm of DDT produced a 
greater incidence of malignancies and leukemia beginning 
in the second filial and third filial generations, respectively, 
and continuing in the later generations (Tarjan and Kemeny 
1969).?81 These results are preliminary in nature and require 
confirmation. The findings of both of these studies conflict 
with earlier studies of the carcinogenic effect of DDT which 
yielded generally negative results. 

A summary of the levels of several chlorinated hydro- 
carbons that produced minimal tnxiciy nr fin e!%ct_. wheg 
fed chronically to dogs and rats is shown in Table 11-3 
(Lehman 1965,*n Treon and Cleveland 1955,2= Cole un- 
published data 1966286). Limits for chlorinated hydrocarbons 
in drinking water have been calculated primarily on the 
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TABLE ZZ4-Recommended Limits for Chlorinated Hydroarbon Znsecticides 

W a t n  

M P  ............... 

was.. .......... 

OD1 ................. 

DiddriP... ........... 

Eedrin.. ............. 

Hlgchb~. .......... 

H@@c~IM bride .... 

Li ldtnn.  ............ 

~ c m O @ l M . .  ....... 

l m p t n n n  ........... 

RIl 
Dol 
N a n  
bt 
Dol 
Nan 
bl 
Dol 
Man 
bl 
Dm 
Man 
bl 
Dol 
Man 
b1 
04  
Man 
R l l  
Dol 
Man 
R I :  

Man 
Rat 
Dol 
Man 
R l l  

Man 

0.5 (1) 0.013 .............. 1/lm 0.w 
1.0 0)  0.02 .............. 1/lm 0.m2 

............................. 0.003 (9.(1) 1/10 0.m1 
2.5 0)  0.42 .............. 1/90 0.WIU 

N A  ............... N.A ......................................... 
N A  ............... 

5.0 (1) 
m.0 (1) 

0.1 (1) 
1.0 (1) 

............................. 

5.0 (9 
1.0 (6) 

0.5 (1) 
4.0 (I) 

0.5 (I) 
0.5 (1) 

NA. ............... 
50.0 (1) 
15.0 (1) 

Y.A. ............... 
1m.o (1) 
m.0 (1) 

10.8 (1) 
y0.0 (1) 
11.1. 

N.A ............... 

N.A ............... 

............................. 

Y.A 
0 . 0  
1.0 
0.5 
0.013 
0.02 

0 . 0  
0.06 
KA 
0.W 
0.01 
N.A 
0 . w  
0.01 
Y.L. 
1. I 
0.1 
W.A. 
11.0 
lo. 0 

2.0 
1.1 
1.0 
N.A 

a mi 

(0 
.............. 
.............. 

(2). 0)  
.............. 
.............. 

.............. 

.............. 

.............. 

.............. 

.............. 

.............. 

.............. 

.............. 
0 

......... 
0. mc 
0. w 
0.0s 
0. moa 
0.m2 
0. ma3 
0.00l66 
o.mo12 

o.mo166 
O.mO16 

o.mO166 
0.m2 

0.0166 
O.W6 

0.11 

0.2 

0.016 

0.1 

o.0014 

0.w1 
O.Ol(6 
0.011 
0.w 

... 
0.56s 
5.6 
1.5 
O.OY1 
O.Ol(6 
0.011 
0.110 
0. w 

O.ll6l 
0.OllP 

0.01162 
0.00l(d 

1.10 
0. MP 

ll.w 
56.0 
14.0 
0.W 
1.12 

o.mO1 

1 

0.021 

0.0049 

0.m 

0 . m 1  

0.0021 

0.0035 

1 

1 

5.0 

1 

1. I 

U.0 

4.1 

0.6 

1yI.o 

1.1 

T 

T 

m 0.001 

5 0 . C O  

m 0.05 

20 o.mi 

m 0.000s 

2 O.mOll 

5 0.m1 

m 0.00s 

m 1.0 

2 O.W* 

basis of the extrapolated human intake that would be 
equivalent to that causing minimal toxic effects in mammals 
(rats and dogs). For comparison, the dietary levels are con- 
verted to mg/kg body weight/day. Aldrin, dieldrin, endrin, 
heptachlor epoxide, and lindane had lower minimal effect 
and no-effect levels in dogs than in rats; whereas for DDT, 
methoxychlor, and toxaphene the converse was observed. 
Heptachlor was equally toxic to both species. Only data 
from studies using rats were available for chlordane. 

Such data from human and animal investigations have 
been used to derive exposure standards, as for drinking 
water, by adjusting for factors that influence toxicity such 
as inter- and intra-species variability, length of exposure, 
and extensiveness of the studies. To determine a safe ex- 
posure level for man, conventionally, a factor of 0.1 is 
applied to human data where no effects have been observed ; 
whereas 0.01 is applied to animal data when adequate 
human data are available for corroboration. A factor of 
1/500 is genwally used on animal data when no adequate 
and comparable human data are available. 

Thus the human data for aldrin, dieldrin, DDT, and 
methoxychlor are adjusted by 0.1, and the corresponding 
animal data for these agents are adjusted by 0.01. The 
minimal effect levels of chlordane, endrin, heptachlor, 
heptachlor epoxide, lindane, and toxaphene are adjusted 
by 1/500; since no adequate human data are available for 
comparison. These derived values are considered the maxi- 
mum safe exposure levels from all sources. Because these 
values are expressed as mg/kg/day, they are readjusted for 
body weight to determine the total quantity to which 
persons may be safely exposed. 

Analysis of the maximum safe levels (mg/man/day) in 
Table 11-3 reveals that these levels are not exactly the 
same when one species is compared with another. The 
choice of level on which to base a level for water requires 
selection of the lowest value from animal experimentation, 
provided that the human data are within the same order 
of magnitude and substantiate that man is no more sensitive 
to a particular agent than is the rat or the dbg. 

To then calculate a limit for water i t  is necessary to 
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consider the exposure from other media. I n  the case of the 
chlorinated hydrocarbons, exposure is expected to occur 
mostly through the diet, although aerial spray of these 
aqents can occasionally result in a n  inhalation exposure. 
Dietary intake of pesticide chemicals from 1964 to 1970 
have been determined by investigators of the Food and 
Druq Administration from “market basket” samples of 
food and water (Duggan and Corneliussen 1972).25a The 
averaqe intakes (mg/man/day) are  listed in Table  11-3. 

If the intake from the diet is compared with what are 
considered acceptable safe levels for these pesticides, it is 
apparent that only traces of chlordane, methoxychlor, and 
toxaphene are  present in the diet. Less than 10 per cent of 
the maximum safe level of aldrin, DDT,  endrin, heptachlor, 
or lindane are ingested with the diet. For dieldrin, approxi- 
mately 35 per cent of the safe level comes from the diet. 
By contrast, exposure to heptachlor epoxide via the diet 
accounts for more than the defined safe level. In  general, a n  
apportionment to water of 20 per cent of the total acceptable 
intake is reasonable. However, the limits for chlordane and 
toxaphene were lowered because of organoleptic effects a t  
concentrations above 0.003 and 0.005 mg/l, respectively 
(Cohen et al. 1961,253 Sigworth 1965278). T h e  limit for 
heptachlor epoxide was lowered to five per cent of the safe 
level because of the relatively high concentrations in the 
diet: and, accordino;ly, the limit for heptachlor was lowered 
because it is metabolized to heptachlor epoxide. 

These limits reflect the amounts that can be ingested 
without harm to the health of the consumer and without 
adversely affectinq the quality of the drinking water. They 
are meant to serve only in the event that these chemicals 
are inadvertently present in the water and d o  not imply 
that their deliberate addition is acceptable. 

Recommendation 

Because of adverse physiological effects on hu- 
mans or on the quality of the water and because 
there is inadequate information on the effect of 
the defined treatment on removal of chlorinated 
hydrocarbons, it  is recommended that the limits 
for water shown in Table 11-3 not be exceeded. 

ORGANOPHOSBWORUS AND CARBAMATE 
INSECTICIDES 

T h e  number of organophosphorus and carbamate in- 
secticides has steadily increased through special uses in 
agricultural production and the control of destructive in- 
sects. At present, there are perhaps 30 commonly used 
organophosphates with parathion among those potentially 
most dangerous to human health. No evidence has de- 
veloped of any significant contamination of water supplies 
even in the geographicai areas where the use o! pesticides 
in this class has been extensive. However, because of their 
high mammalian toxicity, it is advisable to establish a n  
upper limit for these pesticides in treated water supplies. 

T h e  majority of organophosphorus insecticides in use a t  

present are  somewhat similar in chemical structure and in 
physical and biological properties. Although their specific 
chemical compositions differ from one another and from 
carbamates, they all act by the same physiological mecha- 
nism. Their presence in public water supplies as contami- 
nants would result in some deleterious biological effect 
over a period of time. 

Ingestion of small quantities of either of these pesticides 
over a prolonged period results in a dysfunction of the 
cholinesterase of the nervous system (Durham and Hayes 
1962).2sg This appears to be the only important manifes- 
tation of acute or chronic toxicity caused by these com- 
pounds (HEW 1969).284 

Although safe levels of these agents have been determined 
for experimental animals on the basis of biochemical indi- 
cators of injury, more knowledge is needed to make specific 
recommendations for water quality (HEW 1969).284 

Indications of the levels that would be harmful are  
available for some organophosphorus compounds as a result 
of studies conducted with human volunteers. Grob (1 950)26a 
estimated that 100 mg of parathion would be lethal and 
that 25 mg would be moderately toxic. O n  the other hand, 
Bidstrup (1950)251 estimated that a dose of IO to 20 mg of 
parathion might be lethal. Edson (1957)260 found that 
parathion ingested by man a t  a rate of 3 mg/day had no 
effect on cholinesterase. Similar values were determined by 
iVilliams and his associates ( 1958)Js5 Moeller and Rider 
( I  962)?73 suggested that the detectable toxicity threshold, 
as measured by cholinesterase depression, was 9 mg/day 
for parathion equivalency and 24 mg/day for malathion. 
These investigators also reported that a daily dose of 7 mg 
of methyl parathion was near the detectable toxicity thresh- 
old for this compound; but i t  was later found (Rider and 
Moeller 1964)276 that IO mg/day of methyl parathion did 
not produce any significant inhibition of blood cholin- 
esterase. Therefore, 5 mg/day (0.07 mg/kg/day) of pa- 
rathion equivalency should be a safe intake acceptable to 
the body. 

Frawley and his associates ( 1963)262 found that a depres- 
sion of plasma Cholinesterase occurred in human subjects 
at a dosage of 0.15 mg/kg/day of Delnav, which would 
amount to a total dose of about 7 to IO mg/day of parathion 
depending on the body weight of the subjects. 

O n  the basis that carbamate and organophosphorus in- 
secticides have similar toxic effects and that parathion is 
one of the most toxic of these classes, the data  appeared to 
show that 0.07 mg/kg/day should be a safe level for the 
human body. Assuming a daily consumption of 2 liters of 
water containing cholinergic organophosphates or carba- 
mates in concentrations of 0.1 mg/l, 0.2 mg/day would be 
ingested. This would provide a factor of safety of 25 for 
parathion for a man weighing 70 kg. 

Racomminhtion 

It  is recommend& that the carbamate and 
organophosphorus pesticides in public water sup- 
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ply sources not exceed 0.1 mg/l, total, because there 
is inadequate information on the effect of the de- 
fined treatment process on their removal. 

CHLOROPHENOXY HERBICIDES 

During the past 20 years, numerous reservoirs have been 
constructed as public water supplies for cities and com- 
munities in the United States. In certain areas as much as 
five per cent per year of the total volume of a reservoir may 
be lost because of the marginal growth of weeds and trees. 
This is especially common in the Southwest where M”ater 
levels fluctuate (Silvey I 968).279 

In  recent years the control of aquatic vegetation has been 
widely practiced for water supply sources in many com- 
munities in the US. Since herbicides may be used for this 
purpose, it is possible that some may find their way into 
finished water. 

Two of the most widely used herbicides are 2,4-D (2,4- 
.lirh!nrophennx)lacetic acid): and 2 !4! 5-TP (2 !4,5-tri- 
chlorophenoxy-propionic acid) (see Table 114). Each of 
these compounds is available in a variety of salts and esters 
that may have marked differences in herbicidal properties 
but are rapidly hydrolyzed to the corresponding acid in 
the body. There are additional compounds that have been 
employed from time to time, such as diquat (1 , I  ’ethylene-2, 
2’-dipyridylium dibromide) and endothal (disodium 3,6- 
endoxohexa-hydrophthalate). 

Studies of the acute oral toxicity of the chlorophenoxy 
herbicides indicated that there was approximately a three- 
fold variation between the species studied and that the 
acute toxicity was moderate (Hill and Carlisle 1947,’87 
k h a n  1951,”’ Drill and Hiratzka 1953,257 Rowe and 
Hymas 1954).”’ It appears that acute oral toxicity of the 
three compounds is of about the same magnitude within 
each species. In  the rat, the oral LD50 for each agent was 
about 500 mg/kg. 

There are some data available on the toxicity of 2,4-D 
to man indicating that a daily dosage of 500 mg (about 
7 mg/kg) produced no apparent ill effects in a volunteer 
over a 21-day period (Kraus unpublished 1946).288 

Sixty-three million pounds of 2,4-D were produced in 
1965. There were no confirmed cases of occupational 
poisoning and few instances of any illness due to ingestion 
(Hayes 1963,264 Nielson et al. 1965275). One case of 2,4-D 
poisoning in man has been reported recently (Beririck 
1 970).?5n 

Lehman (1965)272 reported that the no-effect level of 
2,4-D is 0.5 mg/kg/day in the rat and 8.0 nig’kg,;day in 
the dog. In  2-year feeding studies with the sodium and 
potassium salts of silvex, the no-effect levels \rere 2.6 
mg/kg/day in rats and 0.9 mg/kg/day, respectively, in 
dogs (Mullison 1 966).274 

Terata and embryo toxicity effects from 2 , 4  -5-T \vere 
evidenced by statistically increased proportions of abnormal 
fetuses within the litters of mice and rats (Courtney et al. 
1970).2s4 The rat appeared to be more sensitive to this 
effect. A dosage of 21.5 mg/kg produced no harmful effects 
in mice, while a level of 4.6 mg/kg caused minimal but 
statistically significant effects in the rat. hlore recent work 
has indicated that a contaminant (2,3,7,8-tetrachloro- 
dibenzo-p-dioxin) which was present at  approximately 30 
ppm in the 2 ,4 ,5-T formulation originally tested \vas highly 
toxic to experimental animals and produced fetal and 
maternal toxicity at  levels as low as 0.0005 mgikg. However, 
highly purified 2,4,5-T has also produced teratogenic 
effects in both hamsters and rats at relatively high dosage 
rates (FDA and NIEHS unpublished dufu:E7 Collins and 
\Villiams 197lZb2). Current production samples of 2,4,5-T 
that contain less than 1 ppm of dioxin did not produce 
embryo toxicity or terata in rats at levels as high as 24 
rng/kg/day (Emerson et al. 1970).261 

Recommendation 

Because of possible adverse physiological effects 
and because there are inadequate data on the 
effects of the defined treatment process on removal 
of chlorophenoxy herbicides, it is recommended 
that 2,4-D not exceed 0.02 mg/l, that Silvex not 
exceed 0.03 mg/l, and that 2,4,5-T not exceed 
0.002 mg/l in public water supply sources. 

. 



The pH of a raw water supply is significant because it 
affects water treatment processes and may contribute to 
corrosion of waterworks structures, distribution lines, and 
household plumbing fixtures. This corrosion can add such 
constituents as iron, copper, lead, zinc, and cadmium to 
the water. Most natural waters have pH values within the 
range of 5.0 to 9.0. Adjustment of pH within this range is 
relatively simple, and the variety of anticorrosion pro- 

cedures currently in use make it unnecessary to recommend 
a more narrow range. 

Recommendation 

Because the defined treatment process can cope 
with natural waters within the pM range of 5.0 to 
9.0 but becomes less economical as this range is 
extended, it is recommended that the pW of public 
water supply sources be within 5.0 to 9.0. 

Phenolic compounds are defined (Standard Methods 
1971)30' as hydroxy derivatives of benzene and its condensed 
nuclei. Sources of phenolic compounds are industrial waste 
water discharges (Faust and .4nderson I 968),?9* domestic 
sewage (Hunter 1971),?96 fungicides and pesticides (Frear 
1 969),294 hydrolysis and chemical oxidation of organo- 
phosphorus pesticides (Gomaa and Faust 1971),295 hy- 
drolysis and photochemical oxidation of carbamate pesti- 
cides (Aly and El-Dib 1971),2s9 microbial degradation of 
phenoxyalkyl acid herbicides (iMenzie 1969),?98 and natur- 
ally occurring substances (Christman and Ghassemi 1966).?9' 
Some phenolic compounds are sufficiently resistant to 
microbial degadation to be transported long distances by 
water. 

Phenols affect water quality in many ways. Perhaps the 
greatest effect is noticed in municipal water systems where 
trace concentrations of phenolic compounds (usually less 
than 1.0 mg/l) affect the organoleptic properties of the 
drinking water. For example, p-cresol has a threshold order 
concentration of 0.055 mg/l, m-cresol 0.25 mg/l, and 
m.m-.=....~ nqc - - f :  fv ---_ -. - I  into\ xm DL---I  

threshold odor concentration of 4.2 mg/l (Rosen et al. 
1962),Jm whereas the values for the chlorinated phenols are: 
Z-chlorophenol, 2.0 pg/l; and 4chloropheno1, 230 pg/l 
(Burttschell et al. 1359).m Generally, phenolic compounds 
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are not removed efficiently by the defined treatment process. 
Furthermore, municipal waters are postchlorinated to insure 
disinfection. If phenolic compounds are present in waters 
that are chlorinated for disinfection, chlorophenoh may be 
formed. The kinetics of this reaction are such that chloro- 
phenols may not appear until the water has been dis- 
tributed from the treatment plant (Lee and Morris 1962)."' 

2,4-dinitrophenol has been shown to inhibit oxidative 
phosphorylation a t  concentrations of 184 and 278 mg/l 
(Pinchot 1967).% 

The development of criteria for phenolic compounds is 
hampered by the lack of sensitive standard analytical tech- 
niques for the detection of specific phenolic compounds. 
Some of the more odorous compounds are the para substi- 
tuted halogenated phenols. These escape detection by the 
methodology suggested by Standard Methods (1971)"' un- 
less the analytical conditions are precisely set (Faust et al. 
197 1).29z 

ReoommendaViorn . 

verely increase the odor of many phenolic com- 
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PHOSPHATE 

Recommendations for phosphate concentrations have 
been considered but no generally acceptable recommen- 
dation is possible at this time because of the complexity of 
the problem. The purpose of such a recommendation would 
be twofold: 

to avoid problems associated with algae and other 

to avoid coagulation problems due particularly to 

1. 

2. 
aquatic plants, and 

complex phosphates. 

Phosphate is essential to all forms of life. In efforts to 
limit the development of objectionable plant growths, phos- 
phate is often considered the most readily controllable 
nutrient. Evidence indicates (a) that high phosphate con- 
centrations are associated with eutrophication of waters 
manifest in unpleasant algal or other aquatic plant growths 
when other growth-promoting factors are favorable; (b) 
that aquatic plant problems develop in reservoirs or other 
standing waters at phosphate values lower than those critical 
in flowing streams; (c) that reservoirs and other standing 
waters will collect phosphates from influent streams and 
store a portion of these within the consoiidated sediments; 
and (d) that initial concentrations of phosphate that stimu- 
late noxious plant growths vary with other water quality 
characteristics, producing such growths in one geographical 
area but not in another. 
Because the ratio of total phosphorus (P) to that form of 

phosphorus readily available for plant growth is constantly 
changing and ranges from two to 17 or more times greater, 
it is desirable to establish limits for total phosphorus rather 
than to the portion that may be available for immediate 
plant use. Most relatively uncontaminated lake districts are 
known to have surface waters that contain 10 to 30 pg/l 
total phosphorus as P; in some waters that are not obviously 

polluted, higher values may occur. Data collected by the 
Federal M’ater Pollution Control .4dministration, Division 
of Pollution Surveillance, indicate that total phosphorus 
concentrations exceeded 50 pg/l (P) at 48 per cent of the 
stations sampled across the nation (Gunnerson 1 966).302 
Some potable surface water supplies now exceed 200 pg/l 
(P) without experiencing notable problems due to aquatic 
growths. Fifty micrograms per liter of total phosphorus 
(as P) would probably restrict noxious aquatic plant 
groirths in flowing waters and in some standing \caters. 
Some lakes, however, would experience algal nuisances at 
and below this level. 

Critical phosphorus concentrations will vary with other 
water quality characteristics. Turbidity and other factors 
in many of the nation’s waters negate the algal-producing 
effects of high phosphorus concentrations. When \raters are 
detained in a lake or reservoir, the resultant phosphorus 
concentration is reduced to some extent over that in influent 
streams by precipitation or uptake by organisms and subse- 
quent deposition in fecal pellets or the bodies of dead 
organisms. At concentrations of complex phosphorus on the 
order of io0 pgji, diiiicuirics wirii Ludguidiiun drt: expcri- 
enced (U.S. Department of the Interior, Federal Water 
Pollution Control Administration 1968).’03 (See the dis- 
cussion of Eutrophication and Nutrients in Section I for a 
more complete description of phosphorus associations with 
the enrichment problem.) 

Recommendation 

No recommendation can be made because of the 
complexity of relationships between phosphate 
concentrations in water, biological productivity, 
and resulting problems such as odor and filtration 
difficulties. 

c 
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Large quantities of phthalate esters are used as plasticizers 
in plastics. Phthalates in water, fish, and other organisms, 
represent a potential but largely unknown health problem. 
They have been implicated in growth retardation, accumu- 
lation, and chronic toxicity, but little conclusive infor- public water supply sources. 
mation is available (Phthalates are discussed in Section 111, 

Freshwater Aquatic Life and Wildlife.) Because there is 
insufficient information on their specific effects on man, no 
scientifically defensible recommendation can be made a t  
this time concerning concentrations of phthalate esters in 

PLAN KUO N 

The quality of public water supplies may be drastically 
affected by the presence of planktonic organisms. Plankton 
may be defined as a community of motile or nonmotile 
microscopic plants and animals that are suspended in water. 
The species diversity and density of the plankton corn- 
munity are important water quality characteristics that 
should be monitored in all public water supplies. Several 
methods for counting plankton have been improvised. 
hiany reports count plankton as number of organisms per 
aliquot of sample rather than biomass. Since various species 
of algae are much larger than other species, plankton 
counts that simply enumerate cells, colonies, or filaments do  
not indicate accurately the true plankton content of the 
water (Standard Methods 1971).30s 

Plankters are primarily important in public water supply 
sources for their contribution to taste and odor problems, 
pH alteration, or filter clogging. T o  aid operators in in- 
terpreting plankton data, the algae counted should be 
listed under applicable categories that show the predomi- 
nance or absence of certain groups of organisms at  any 
given time. The categories used should include green algae, 
blue-green algae, diatoms, flagellated forms, Protozoa, 
microcrustaceans and Rotifera, as well as related Protista. 

Data from plankton counts can be very useful to water 
treatment operators (Silvey et  al. 1972).=' Counts of blue- 
green algae which exceed 50 per cent of the total plankton 

community usually indicate potential taste and odor prob- 
lems. So long as the green algae comprise 75 per cent of 
the total plankton count, it is not likely that serious taste 
and odor problems will arise. The diatom population of the 
plankton community is also important. During some diatom 
blooms, the pH of the water increases enough to require the 
addition of more alum or iron than would normally be 
used to achieve the desired p H  in the distribution system. 
Some blooms of planktonic green algae cause the pH of 
the water to rise from 7.6 to as high as 10. There are ap- 
parently no plankters that tend to reduce pH or remove 
minerals in sufficient quantities to alter conditions. 

The role which plankton plays in the productivity of a 
lake or reservoir is important. The  relationship between 
productivity and respiration may frequently be used as a 
pollution index. In  many instances, plankton studies are 
more revealing than bacterial studies. A ratio of produc- 
tivity to respiration amounting to one or more indicates 
that the algae are producing more oxygen than is being 
consumed by the bacteria. If the ratio drops below one for 
si,mificant periods, an undesirable condition exists that may 
cause problems with anaerobic organisms. For further dis- 
cussions of productivity and its relation to water quality, 
see Section I on Recreation and Aesthetics, Section 111 on 
Fresh Aquatic Life and Wildlife, and Section IV on Marine 
Aquatic Life and Wildlife. 
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POLYCHLORINATED BIPHENYLS (PCB) 

Polychlorinated biphenyls (PCB) consist of a mixture of 
compounds only slightly soluble in water; .highly soluble 
in fats, oils, and nonpolar liquids; and highly resistant to 
both heat and biological degradation. PCB have a wide 
variety of industrial uses, primarily as insulating fluid in 
electrical and heat transfer equipment (Interdepartmental 
Task Force 1972).811 

Exposure to PCB is known to cause skin lesions (Schwartz 
and Peck (1943)SM and to increase liver enzyme activity 
that may have a secondary effect on reproductive processes 
(Risebrough et al. 1968,"' Street et al. 1969,"' Wassermann 
et  al. 197OSz5). It is not clear at  this time whether the effects 
are due to PCB or its contaminants, the chlorinated di- 
benzofurans that are highly toxic (Bauer et al. 1961,w0' 
Schulz 1968,aL0 Verrett 19705?'). It is also not known whether 
the chlorinated dibenzofurans are produced by degradation 
of PCB as well as during its manufacture. 

The occurrence of PCB in our waters has been docu- 
mented repeatedly (New Scientist 1966,*15 Holmes et al. 
1967,*1° Risebrough et al. 1968,"' Jensen et al. 1969,31z 
Koeman et al. 1969,513 Schmidt et  al. 1971,"* Veith and 
Lee 197lSz"). They have been associated with sewage 
effluents (Holden 1970,m Schmidt et al. 1971818) and rain- 
water (Tarrant and Tatton 1968),= as well as releases and 
leakage. Failures of closed systems using PCB have caused 
some of the more well known releases (Kuratsune et al. 
1969,a14 Duke et al. 1970m8). It has been reported that the 
defined treatment process does little or nothing to remove 
PCB (Ahling and Jensen 1970).m6 

An epidemiological study on severe poisoning by rice oil 
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contaminated with polychlorinated biphenyls in 1968 indi- 
cated that about 0.5 grams ingested over a period of ap- 
proximately one month was sufficient to cause the Yusho 
disease. Many of those affected showed no signs of relief 
after about three years (Kuratsune et al. 1969).3'4 Price 
and Welch (1971)*16 have estimated on the basis of 194 
samples that 41 to 45 per cent of the general population of 
the US. may have PCB levels of 1.0 mg/kg or higher 
(wet weight) in adipose tissue. Therefore, it appears that 
PCB may accumulate in the body. On this basis it can be 
calculated that a daily intake of 0.02 mg would require 
about 70 years to be toxic. Applying a factor of safety of 
10 would permit a daily intake of 0.002 mg, and assuming 
a two liter per day intake, suggests a permissible concen- 
tration in water to be 0.001 mg/1. 

However, evaluation of the retention and accumulation 
of PCB from water instead of oil in humans is highly desir- 
able. A study on rats with a single oral dose of I70 mg/kg 
showed urinary excretion (of PCB) to be limited, while 
70 per cent of the dose was found in the feces during an 
eight week period (Yoshimura et al. 1971).826 Information 
VI1 r b u  111 L I l F  U1L.L W V U l "  U.0" "C .'C'Y .-.. 
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Conclusion 

Because too little is known about the levels in 
waters, the retention and accumulation in hu- 
mans, and the effects of very low rates of ingestion, 
no defensible recommendation can be made at this 
time. 
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The effects of radiation on human beings are viewed as 
harmful, and any unnecessary exposure to radiation should 
be avoided. The U S .  Federal Radiation Council* (1961a)m 
provided guidance for federal agencies to limit exposure of 
individuals to radiation from radioactive materials in the 
environment. The following statement by the U.S. Federal 
Radiation Council ( 1960)J2s is considered especially perti- 
nent in applying the recommendations of this report: 

There can be no single permissible or acceptable level 
of exposure without regard to the reason for permitting 
the esposure. It should be general practice to reduce 
esposure to radiation, and positive effort should be 
carried out to fulfill the sense of these recommen- 
dations. It is basic that exposure to radiation should 
result from a real determination of its necessity. 

The U.S. Federal Radiation Council criteria ( 1960,3?3 
1961aJ20) have been used in establishing the limits for radio- 
activity recommended here. It should be noted that these 
guidelines apply to normal peacetime operations. They are 
predicated upon three ranges of daily intake of radio- 
activity as seen in Table 11-5. 

The recommended radionuclide intake derives from the 
sum of radioactivity from air, food, and water. Daily 
intakes were prescribed with the provision that dose rates 
be averayed over a period of one year. The range for 
specific radionuclides recommended by the U.S. Federal 
Radiation Council (1961b)330 are shown in the following 
tables: 

TABLE 1x4-Ranges of Transient Rates of Intake (pc i lday )  
for  use in Graded Scale of Act ion.  

The functions of the U.S. Federal Radiation Council have bcen 
transferred to EPA, Office of Radiation Programs. 
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TABLE IZ-6-Graded Scale of Act ion 

Gndodmbolesllc R a m  ol Inadmat ntm 01 daib iahhD ‘U 
~~ ~~ ~~~ 

Raw I. ................................. PofiodlrmRrumtnrj ronmbm a: 11~t0lp1) 
R a n 0  11.. ............................... PurnlibUm mmaancD and rwtina am 
Raw 111 ................................. Enlutim and t@Etim ol additioualaatrol OImml a: lhDDb 

nrs 
0 

For each range, a measure of control was defined, which 
represented a graded scale of control procedures. 

The U S .  Federal Radiation Council (1961 b)3w further 
defined the action to be taken by stating that “Routine 
control of useful applications of radiation and atomic 
energy should be such that expected average exposures of 
suitable samples of an exposed population group will not 
exceed the upper value of Range 11.” Furthermore, they 
recommended, with respect to Range 111, that “Control 
actions would he designed to reduce the levels to Range I1 
or lower, and to provide stability at lower levels.” 

It has not been considered necessary to prescribe criteria 
for iodine-I31 or strontium-89 for surface waters. Iodine-131 
has never been a problem in water supplies and does not 
appear likely to be, and strontium-89 levels should not be 
significant if strontium-90 levels are kept satisfactorily low. 
Using the midpoint of Range I, Table 11-5, for transient 
rates of intake recommended by the U.S. Federal Radiation 
Council, and assuming a 2 liter per day consumption, the 
radium-226 limit is 0.5 Pc/day and strontium-90 limit is 
5 Pc/day. These levels are not currently being exceeded in 
any surface water supply in the United States, although a 
number of ground water supplies have more than 0.5 pCi/l 
of radium-226. 

Because tritium (hydrogen-3) may be discharged from 
nuclear power reactors and fuel reprocessing plants, and 
because it would not be detected in normal analysis of 
water samples, it has been considered desirable to include 
a limit on this low energy radionuclide. The Federal Radi- 
ation Council has not provided guidance on tritium intake. 
A tentative limit of 3,000 pCi/l of tritium has been proposed 
for the revised edition of Drinking Water Standards. This 
relatively conservative limit has been suggested because of 
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uncertainty in the potential genetic effects of tritium in- 
corporated into body tissues as tritiated water. It is a 
generally attainable level based on data from the Environ- 
mental Protection Agency Tritium Surveillance System, 
These data indicate that of 70 United States cities.surveyed 
in 1970, none had a n  'annual average tritium activity in 
tap  water exceeding 3,000 pCi/l, the highest annual average 
value being 1,900 pci/l.  Levels in surface water collected 
downstream from nuclear facilities showed only two of 34 
locations having tritium activity exceeding 3,000 pCi/l. 
Precipitation samples taken during 1970 a t  locations within 
the United States indicated less than 700 pCi/l. 

Although a large number of other radionuclides may be 
present in water, it has not been considered necessary to 
include specific limits for other than the three mentioned 
above. If other nuclides are likely to be present, it is recom- 
mended that permissible limits be held to ]/I50 of the limit 
for continuous occupational exposure set by the Inter- 
national Commission on Radiological Protection (1 960) 

Gross radioactivity limits provide screening techniques 
and guides to an increased level of radiochemical analysis. 
If the gross alpha and gross beta concentrations in a sample 
are  less than certain minimum concentrations, no additional 
radiochemical or radiophysical analyses are required. 

Gross Alpha Radioactivity Gross alpha limits or 
investigation levels are keyed to the concentratioq limit for 
radium-226 (the alpha emitter with the most restrictive 
intake limit). A typical scheme is the following: 

TABLE lI-7-Typicol Scheme of Gross Alpho Concentrotion 

8rm Uta w m n h t i o n  (pCi/O m i n d  action 

(t) NOl # d l q  0.5 @Ar.. ......................... YMD 

(e) 6mataf t h o  5 #ci/l,... .......................... hlpi lundn I I m a t N n i U i  aruriur 
B) 6mU1 thrn 0.5 bot not txwadirq 5 pCi/l.. ........ Radiah#miol a s b d r  lb ndium.226 

Gross Beta Radioactivity Two beta emitting radio- 
nuclides with the most restrictive maximum permissible 
concentrations are lead-2 10 and radium-228. However, 
since it is extremely unlikely that either radionuclide will 

1 

TABLE IZ-S-Gross Beto Rodiooctivity to Strontium-90 ond 
Isotopes of Radioiodine - 

e,nn WJ emmtnbw IxduSng Potluium-40 Dsuiled arlion 

(I) Nol 

(b) G m t n t h a 5 , b d I t n t h a n Y I p A  .............. ~ ~ m l ~ ~ o m . O , i o d i m . l 2 9 . ~ n d i o d i n e . l l l  
(c) Gmta I h n  50 p W . .  .......................... Canpnharin ndicdnmisll alubsis 

than 5 W,'I. ......................... Mom (WI tomledge Ihl had.210 a i d  ndinrn.228 
8n arsnlialb absent) 

ever be present in a significant concentration in a raw 
water source, the investigation levels for gross beta radio- 
activity are keyed to strontium-90 and isotopes of radio- 
iodine. 

The  radionuclide concentration limits proposed in the 
above tables should not be considered as absolute masima 
that, if exceeded, constitute grounds for rejection of a 
drinking water supply source. Instead, the concentration 
limits should be considered guidelines that should not I x  
exceeded unless there is good reason. The constraints that 
should be imposed are based on:  (1) a determination by the 
appropriate regulatory agencies that the higher level of 
radioacti\,ity is as lot+. as can be practicably achieved, and 
(2) quantitative surveillance of all intake pathways to 
demonstrate that total dose to a suital~lc sample of the 
exposed population is within Radiation Protection Guide- 
lines levels. To  permit variances in radionuclidc concen- 
trations in water depending on concentrations in other 
environmental media and dietary habits is consistent \cith 
the guidance and recommendations of the L7.S. Fcderal 
Radiation Council, the Kational Council on Radiation 
Protection and Measurement, and the International Com- 
mission on Radiological Protection. 

Recommendation 

Because the defined treatment process has un- 
certain effects on the removal of soluble radio- 
nuclides and because of the effects of radiation on 
humans, it is recommended that the limits related 
to the guidelines presented above be accepted in 
the context of the discussion for application to 
sources of public water supply. 



The toxicity of selenium resembles that of arsenic and 
can,'$ exposure is sufficient, cause death. Acute selenium 
toxicity is characterized by nervousness, vomiting, cough, 
dyspnea, convulsions, abdominal pain, diarrhea, hypo- 
tension, and respiratory failure. Chronic exposure leads to 
marked pallor, red staining of fingers, teeth and hair, 
debility, depression, epistaxis, gastrointestinal disturbances, 
dermatitis, and irritation of the nose and throat. Both 
acute and chronic exposure can cause odor on the breath 
similar to garlic (The Merck Index of Chemicals and Drugs 
1968).336 The only documented case of selenium toxicity 
from a water source, uncomplicated with selenium in the 
diet, concerned a three-month exposure to well water con- 
taining 9 mgjl (Beath 1962).33' 

Although previous evidence suggested that selenium was 
carcinogenic (Fitzhugh et al. 1944),332 these observations 
have not been borne out by subsequent data (Volganev 
and Tschenkes 1967).34a In  recent years, selenium has 
become recognized as a dietary essential in a number of 
species (Schwarz 1960,34L Nesheim and Scott 1961,338 Old- 
field et al. 1963339). 

Elemental selenium is highly insoluble and requires oxi- 
dation to selenite or selenate before appreciable quantities 
appear in water (Lakin and Davidson 1967).J35 There is 
evidence that this reaction is catalyzed by certain soil 
bacteria (Olson 1967).3'0 

So systematic investisation of the forms of selenium in 
excessive concentrations in drinking water sources has been 
carried out. Hotvever, from what is known of the solubilities 
of the various compounds of selenium, the principal in- 
organic compounds of selenium would be selenite and 
selenate. The ratio of their individual occurrences would 
depend primarily on pH. Organic forms of selenium OC- 

curred in seleniferous soils and had sufficient mobility in 
an aqueous environment to be preferentially absorbed over 
selenate in certain plants (Hamilton and l3eath 1964).334 

However, the extent to which these compounds might occur 
in source waters is essentially unknown. Toxicologic exami- 
nation of plant sources of selenium revealed that selenium 
present in seleniferous grains was more toxic than inorganic 
selenium added to the diet (Franke and Potter 1935).5aa 

Intake of selenium from foods in seleniferous areas (Smith 
1941),34* may range from 600 to 6,340 pg/day, which ap- 
proach estimated levels related to symptoms of selenium 
toxicity in man based on urine samples (Smith et al. 
1936,343 Smith and Westfall 1937344). If data on selenium 
in foods (Morris and Levander 1970)33' are applied to the 
average consumption of foods (U.S. Department of Agri- 
culture, Agriculture Research Service, Consumer and Food 
Economics Research Division 1967),345 the normal dietary 
intake of selenium is about 200 pglday. 

If i t  is assumed that two liters of water are ingested per 
day, a 0.01 mg/l concentration of total selenium would 
increase the normal total dietary intake by 10 per cent 
(20 pg/day). Considering the range of selenium in food 
associated with symptoms of toxicity in man, this would 
provide a safety factor of from 2.7 to 29. A serious weakness 
in these calculations is that their validity depends on an 
assumption of equivalent toxicity of selenium in food and 
water, in spite of the fact that a considerable portion of 
selenium associated with plants is in an organic form. 
Adequate toxicological data that specifically examine the 
organic and the inorganic selenium compounds are not 
available. 

Recommendation 

Because the defined treatment process has little 
or no effect on removing selenium, and because 
there is a lack of data on its toxic effects on humans 
when ingested in water, it is recommended that 
public water supply sources contain no more than 
0.01 mg/l selenium. 
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SILVER 

Silver is a rather rare element with a low solubility of 
0.1 to 10 mg/l depending upon pH and chloride concen- 
tration (Hem 1970).348 Data from 1,577 samples collected 
from 130 sampling points in the United States showed 
detectable (0.1 pg/l) concentrations in 104 samples ranging 
from 1.0 to 38 pg/l with a median of 2.6 lg/l  (Kopp 
1969).852 

The principal effect of silver in the body is cosmetic. It 
causes a permanent grey discoloration of skin, eyes, and 
mucous membranes. The amounts of colloidal silver re- 
quired to produce this condition (argyria, argyrosis), which 
would serve as a basis for determining the water standard, 
are not known; but the amount of silver from injected 
agarsphenamine that produces argyria is any amount 
greater than one gram of silver in the adult (Hill and 
Pillsbury 1939,349 1957350). I t  is also reported that silver, 
once absorbed, is held indefinitely in the tissues (Aub and 
Fairhall 1942).a47 

A study that pro\.ided analyses of samples of human 

tissues from 30 normal adult males showed three to contain 
silver in minute amounts. Comparison of the mean daily 
concentrations of silver in soccessive daily samples of urine, 
feces, and food (0.088 mgjday) showed essentially no ab- 
sorption of the intake from food (Kehoe et al. 1910t1).~~’ 
Studies of the metabolism of silver in the rat showed only 
about 2 per cent of the element entered the blood from the 
gastrointestinal tract and that the biological half life was 
about 3 days (Scott 1949).353 However, this work was done 
with carrier free silver and may not be representative of the 
behavior of larger amounts of element. I t  does sugsest, 
hotrever, that ingested silver is not likely to be completely 
stored in the body. 

Conclusion 

Because silver in waters is rarely detected at 
levels above 1 &/I, a limit is not recommended for 
public water supply sources. 
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Sodium salts are ubiquitous in the water environment. 
These minerals are highly soluble, and their concentrations 
in natural waters show considerable variation, regionally 
and  locally. In addition to natural sources of sodium salts, 
other sources are sewage, industrial effluents, and deicing 
salts. Sodium concentrations in ground waters may also 
vary with well depth, and often reach higher levels of 
concentration than in surface waters. Removal of sodium 
is costly and is not common in public water supply treat- 
ment. 

Of the 100 largest public water supplies in the US., most 
of which are surface supplies, the median sodium content 
was 12 mg, 1 with a range of 1.1 mgj l  to 177 mg/l (Durfor 
and  Becker 1964).35s For a healthy individual, the intake 
of sodium is discretionary and influenced by food selection 
and  seasoning. The  intake of sodium may average 6 g,'day 
without adverse effects on health (Dahl 1960).3s' 

Various restricted sodium intakes are recommended by 
physicians for a significant portion of the population, in- 
cluding persons suffering from hypertension, edema associ- 
ated with congestive cardiac failure, and women with 
toxemias of pregnancy (National Research Council, Food 
and Kutrition Board 1954).5s6 T h e  sodium intake from 
sources other than water recommended for very restricted 
diets is 500 mg/day. Diets for these individuals permit 
20 mgjl  sodium in drinking water and water used for 
cooking. If the public water supply has a sodium content 
exceeding this limit, persons on a very restricted sodium 
diet must use distilled or deionized water. 

For a larger portion of the population who use a moder- 
ately restricted diet, 1,000 mg/day is the recommended 
sodium intake limit (National Research Council, Food and 

Nutrition Board 1954).J56 Under this limit, water containing 
a higher concentration of sodium could be used if the 
sodium intake from the sources other than water were not 
increased above that of the very restricted diet. Then, the 
daily intake of sodium from water (20 mg/l for very re- 
stricted diets) could be increased by the additional 500 mg 
(250 mg/l) intake permitted in the moderately restricted 
diet, thus allowing a significant portion of the population 
to use public water supplies with higher sodium concen- 
trations. O n  this basis water containing more than 270 mg/l 
sodium should not be used for drinking water by those 
using the moderately restricted sodium diet, and water 
containing more than 20 mg/l sodium should not be used 
by those using the very restricted sodium diet. 

The  response of people who should restrict their sodium 
intake for health reasons is a continuum varying with 
intake. T h e  allocation of the difference in dietary intake 
allowed Ily the very restricted and the moderately restricted 
diets to drinking water would be a n  arbitrary decision. 
Furthermore, waters containing high concentrations of 
sodium (greater than 270 mgjl) are likely to be too highly 
mineralized to be considered desirable from aesthetic stand- 
points aside from health considerations. 

Treatment of a n  entire public water supply to remove 
sodium is quite costly. Home treatment for drinking water 
alone for those needing low sodium water can, be done at 
relatively modest cost, or low sodium content bottled water 
can be used. 

Recommendation 

mended for sodium. 
In view of the above discussion no limit is recorn- 
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SULFATE 

The public water supplies of the 100 largest cities in the 
United States were found to contain a median sulfate con- 
centration of 26 mg/l, and a maximum of 572 mg/l (Durfor 
and Becker 1964).*57 Greater concentrations were present 
in many ground water supplies for smaller communities 
in the Midwest (Larson 1963).a5s Sulfate ions in drinking 
water can have a cathartic effect on occasional users, but 
acclimatization is rapid. If two liters of water are ingested 
per day, the equivalent sulfate concentrations for laxative 
doses of Glauber salt and Epsom salt are 300 mgjl and 
390 mg/l, respectively (Peterson 1951 , a 6 L  Moore I 9523w). 

Data collected by the North Dakota State Department 
of Health on laxative effects of mineral quality in water 
indicated that more than 750 mg/l sulfate had a laxative 
effect, and less than 600 mg/l did not (Peterson 1951).s61 
If the water was high in magnesium, the effect took place 
at  lower sulfate concentrations than if other cations were 
dominant. A subsequent interpretation showed that laxative 

effects were experienced by sensitive persons not accustomed 
to the water when magnesium was about 200 mg,4, and 
by the average person when magnesium was 500-1000 mg!l 
(h4oore 1952).a60 

The median of sulfate concentrations detected by taste 
by a panel of 10 to 20 persons was 237, 370, and 419 mg./1 
for sodium, calcium, and magnesium salts, respectively 
(\\'hippie 1907).862 Coffee brewed with 400 mg,’J sulfate 
added as magnesium sulfate was affected in taste (Lockhart 
et al. 1955).559 

Recommendation 

On the basis of taste and laxative effects and 
because the defined treatment process does not 
remove sulfates, it is recommended that sulfate 
in public water supply sources not exceed 250 mg/l 
where sources with lower sulfate concentrations 
are or can be made available. 

TEMPER AT U R E 

Temperature affects the palatibility of water by intensi- 
fying taste and odor through increased volatility of the 
source compound (Burnson 1938).a66 Any increase in tem- 
perature may stimulate growth of taste and odor producing 
organisms (Kofoid 1923,a7* Thompson 1944,a78 Silvey et al. 
1950a73 but tends to decrease the survival time of infectious 
organisms (Peretz and Medvinskaya 1946,a75 Rudolfs et al. 
1950a76). The standard treatment process is also affected 
by temperature or temperature changes in the steps of 
coagulation (Velz 1934,”O Maulding and Harris 1968,a7a 
American Water Works Association 1971 sedimentation 
(Camp et al. 1940,86s Hannah et al. 1967a70), filtration 
(Hannah et al. 1967”O), and chlorination (Ames and Smith 
1944,“‘ Butterfield and Wattie 1946a67). 

Temperature changes usually are caused by using water 
as a coolant, as a carrier of wastes, or for irrigation 
(Brashears, Jr. 1946,a65 Moore 1958,”‘ Eldridge 1960,*@~~ 
Hoak 1961a”). Surface water temperatures vary with the 
seasons, geographical location, and climatic conditions. The 
same factors along with geological conditions affect ground 
water temperatures. 

Recommendation 

No temperature change that detracts from the 
potability of public water supplies and no temper- 
ature change that adversely affects .the standard 
treatment process are suggested .guidelines for 
temperature in public water supply sources. 

89 



UQUAL BlSSOLVED SOLIDS 
(FilOerabls Residue) 

High total dissolved solids (TDS) are objectionable be- 
cause of possible physiological effects, mineral taste, and 
economic consequences. Limited research (Bruvold 1967Jm) 
indicated that consumer acceptance of mineralized waters 
decreased in direct proportion to increased mineralization. 
This study covered a range of T D S  values of 100 to 1,200 
mg,/l; one at  2,300 mg/l TDS. For high levels of minerali- 
zation, there may also be a laxative effect, particularly 
upon transients. High concentrations of mineral salts, par- 
ticularly sulfate and chloride, are also associated with costly 
corrosion damage in water systems (Patterson and Banker 
1968”’). 

Because of the \vide range of mineralization of natural 
lvatcr? i t  is not possible to establish a single limiting value. 
The  measurement of specific conductance provides a n  indi- 
cation of the amount of T D S  present. The  relationship of 
specific conductance to T D S  will vary depending upon the 
distribution of the major constituent elements present. For 
any git.en Ivater a relatively uniform relationship will exist. 
ivhere wficicnt data exist to establish a correlation between 

the two measurements, specific conductance may be used 
as a substitute for the T D S  measurement. In  very general 
terms, a specific conductance of 1,500 micro-mhos is ap- 
proximately equivalent to 1,000 mg/l T D S  (Standard 
Methods I97 1 

Because drinking water containing a high concentration 
of T D S  is likely to contain a n  excessive concentration of 
some specific substance that would be aesthetically objec- 
tionable to the consumer, the 1962 Drinking Water Stand- 
ards (PHS 1962)J82 included a limit for TDS of 500 mg/l, 
if other less mineralized sources were available. Although 
waters of higher concentrations are not generally desirable, 
it is recognized that a considerable number of supplies 
with dissolved solids in excess of the 500 mg/’l limit are used 
without any obvious ill effects. Therefore, instead of recom- 
mending a general dissolved solids limit, specific recommen- 
dations are made in this report for individual substances of 
importance in drinking water sources, such as chloride and 
sulfate. 

The  recommendation for acceptable levels of turbidity 
in water must relate to the capacity of the water treatment 
plant to remove turbidity adequately and continuously a t  
reasonable cost. IVater treatment plants are designed to 
remove the kind and quantity of turbidity to be expected 
in each water supply source. Turbidity can reduce the 
effectiveness of chlorination by physically protecting micro- 
organisms from direct contact with the disinfectant (Sander- 
son and Kelly 1964,3a Tracy e t  ai. 1966).Js6 

Customary methods (Standard Methods 1971)J65 for 
measuring and reporting turbidity d o  not adequately 
measure those characteristics harmful to public water supply 
and water treatment processing. X water with 30 turbidity 
units may coagulate more rapidly than one with 5 or 10 
units. Conversely, water with 30 turbidity units sometimes 
may be more difficult to coagulate than water with 100 
units. T h e  type of plankton, clay, or earth particles, their 

size, and electrical charges, are more important determining 
factors than the turbidity units. Sometimes clay added to 
very low turbidity water will improve coagulation. 

Turbidity in water should be readily removable by 
coagulation, sedimentation, and filtration; it should not be 
present to a n  extent that will overload the water treatment 
plant facilities; and it should not cause unreasonable treat- 
ment costs. In addition, turbidity should not frequently 
change or vary in characteristics to the extent that such 
changes cause upsets in water treatment plant processes. 

Conclueios~ 

No recommendation is made, because it is not 
possible to establish a turbidity recommendation 
in terma oa turbidity units; nor can a turbidity 
recornmendation be expressed in terms of m@ 
“undissolved solids” or “nonflterable solids.” 
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URANYL ION 

The 1968 edition of Water Quality Criteria (FWPCA 
1968)*87 included a limit for uranyl ion (UO*++) of 5mg/l, 
because a 1965 Public Health Service Drinking Water 
Standards Review Committee had tentatively decided to 
include it in the next revision of the Drinking Water Stand- 
ards. This value was selected because it is below the ob- 
jectionable taste and appearance levels as well as the 
chemically toxic concentration. 

Further investigation of raw water quality data indicated 
that uranium does not occur naturally in most waters 

above a few micrograms per liter (U.S. Geological Survey 
1969,'88 EPA ofice mmorandum 1971 

Recommendation 

The taste, color, and gross alpha recommen- 
dations will restrict the uranium concentration to 
levels below those objectionable on the basis of 
toxicity. For these reasons, no specific limit is pro- 
posed for uranyl ion. 

VIRUSES 

Many types of viruses are excreted in the wastes of 
humans and animals (Berg 1971ag2), and somg. have been 
implicated in diseases (Berg 1967391). There arewiruses that 
alternate between animal hosts (Kalter 1967)'03 and those 
that can infect genetically distant hosts (Maramorosch 
1967).'07 Because almost any virus can be transmitted from 
host to host through water (Mosley 1967),- any amount 
of virus detectable by appropriate techniques in surface 
water supplies constitutes a hazard (Berg 1967).ay1 

While it is beIieved that all human enteric viruses have 
the potential to cause illness in man, not all have been 
etiologically associated with clinical illness. A number of 
waterborne local outbreaks attributed to virus affecting 
approximately 800 people have occurred in the United 
States, but no obvious large scale spread of a viral disease 
by the water route is known to have occurred (Mosely 
1967).'OQ Although virus transmission by water has been 
suggested for poliomyelitis, gastroenteritis, and diarrhea, 
the most convincing documentation exists for infectious 
hepatitis (Mosley 1967).'OQ Twelve outbreaks of infectious 
hepatitis have been attributed to contaminated drinking 
water in the United States between 1895 and 1971, and 
most of these have been linked to private systems. 

Berg (1971)@z suggests that waterborne viral disease need 
not occur at the epidemic level in order to be of significance. 
Small numbers of virus units could produce infection with- 
out causing overt disease, and infected individuals could 
then serve as sources of larger amounts of virus. 
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The interpretation of virus data presents other problems 
in addition to those posed by epidemiological evaluation. 
There is evidence that one virulent virus unit can be suffi- 
cient to infect man if it contacts susceptible cells (Plotkin 
and Katz 1967),411 but in an intact host, this is complicated 
by various defenses (Beard 1967).aw The interpretation of 
data is further complicated by aberrations in survival curves 
for virus thought to be caused by clumping. The statistical 
treatment oi virus data has Lecir discussed by Berg c;  a!. 
(1967),aga Chang (1967,a95 1968596), Clark and Niehaus 
(1967),sw Sharp (1967),"* and Berg (1971).a92 

The route of enteric viral contamination of surface waters 
is from human feces through the effluents of sewage treat- 
ment plants as well as contamination from raw sewage. 
Enteric virus densities in human feces have been estimated 
by calculation and sampling. Clarke and his associates 
( 1962)'cr, suggested that human feces contained approxi- 
mately 200 virus units per gram per capita and 12X106 
coliform bacteria per gram per capita, or 15 enteric virus 
units per lo6 coliforms. Combining these calculations with 
observed data, they estimated that sewage contained 500 
virus units per 100 ml, and contaminated surface waters 
contained less than 1 virus unit per 100 ml. These numbers 
are subject to wide variation and change radically during 
an epidemic. 

The removal capabilities of various sewage treatment 
processes have been examined individually and in series 
both in the laboratory and in the field (Chin et al. 1967,398 



9P:'Section II-Public W a k r  Supplies 
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Clark and Niehaus 1967,a99 England et al. 1967,'" Lund 
and Hedstrom 1967,'O' Malherbe 1967,'05 Malherbe and 
Strickland-Cholmley 1967,'06 Berg 197Im). These studies 
indicated that while some sewage treatment processes 
showed virus removal potential in laboratory tests and field 
evaluation? there was no indication that consistent adequate 
virus removal, that is no detectable virus, was accomplished 
by present sewage treatment practices (Berg 1971).392 How- 

ever, the apparent limited survival time for viruses in water 
can be affected by factors, such as temperature and adsorp- 
tion that protects viruses; and the proximity of water users 
may make survival for only a short period of time sufficient 
to transmit virulent virus (Prier and Riley 1967)."O 

Table 11-9 gives virus and bacterial survival data  for 
clean, moderately contaminated, and sewage water. 

T h e  removal capabilities of various water treatment 
processes are presented in Table  11-10. 

Conventional water treatment processes are  variable in 
their virus removal efficacy and questionable in their per- 
formance under field conditions (Berg 1971,m Sproul 
1 972 J). 

Disinfection by chlorination was reviewed recently for 
its virus inactivation efficacy (Morris 1971).'08 Only undis- 
sociated hypochlorous acid (HOCI) was considered effective 
in virus inactivation. Approximately 25 mg/l chloramine, 
100 mg/l hypochlorite or 0.5 to 1.0 mg/l HOC1 with 
30-minute contact times were required to cause adequate 
viral inactivation in potable water. T h e  amount of chlorine 
required to achieve these conditions varied with the p H  
and the amount of.nitrogen present. 

TABLE 11-IO-Removal of Viruses f rom Water and Wastewater by Biological, Physical, and Chemical Treatment Procedure 
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Considerable progress on virological method development 
has been made in the past decade. However, virology tech- 
niques have not yet been perfected to a point where they 
can be used routinely for monitoring water for viruses. There 
is a need for virus data  on relative numbers, better tech- 
niques, relative die-off rates, and correlation with existing 
indicators, as well as methods for direct determination. 

Conclusion 

In view of the uncertain correlation of vims m- 
currence with existing indicators, the absence of 
adequate monitoring techniques, and the general 
lack of data, scientifically defensible criteria cannot 
be recommended at this time. 

... 



ZINC 

Zinc is a n  essential and beneficial element in human 
metabolism. The  activity of insulin and several body en- 
zymes is dependent on zinc. T h e  daily adult human intake 
averages 10 to 15 mg;  for preschool children it is 0.3 mg/kg. 
(Vallee 1957).420 

Zinc is a widely used metal and may be dissolved from 
galvanized pipe, hot water tanks, or from yellow brass. 
It may also be present in some corrosion prevention addi- 
tives and in industrial wastes. The  solubility of zinc is 
variable, depending upon p H  and alkalinity. 

I n  1,577 samples from 130 locations on streams between 
October 1962 and September 1967, zinc was detected 
(2 pg/1) in 1,207 samples with a range of 2 to 1,183 pg/l 
and a mean of 64 pg/l (Ropp 1969).4*9 

Individuals drinking water containing 23.8 to 40.8 mg/l 
of zinc experienced no known harmful effects. Communities 
have reported using water containing 1 1  to 27 mg/l of 
zinc without harmful effects (Bartow and Weigle 1932,416 
Anderson et al. 1934"9. Another report stated that spring 

water containing 50 mg/l of zinc was used for a protracted 
period without harm (Hinman, Jr. 1938'18). 

Statistical analysis of taste threshold tests with zinc in 
distilled water showed that 5 per cent of the observers were 
able to distinguish between 4.3 mg/l zinc (added as zinc 
sulfate) and water containing no zinc salts (Cohen et al. 
1960"'). When added as zinc nitrate and as zinc chloride, 
the detection levels were 5.2 and 6.3 mg/l zinc, respectively. 
When zinc sulfate or zinc chloride was added to spring 
water with 460 mg,/l dissolved solids, the detection levels 
for 5 per cent of the observers were 6.8 and 8.6 mg/l zinc, 
respectively. 

Recommendation 

Because of consumer taste preference and be- 
cause the defined treatment process may not re- 
move appreciable amounts of zinc from the source 
of the supply, it is recommended that the zinc 
concentrations in public water supply sources not 
exceed 5 mg/l. 
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INTRODUCTION 

The biota of a natural aquatic ecosystem is the result of 
evolutionary processes in the course of which a delicate 
balance and complex interactions were established among 
various kinds of organisms and between those organisms 
and their environment. Some species can live in a wide 
range of environmental conditions and are found in many 
different systems throughout the world. Other species are 
restricted and their distribution is limited to certain habitats 
or in some cases to only one. Frequently, it is the latter 
group of species that have been most useful to man. Minor 
changes in their environments, especially if such changes 
are rapid, may upset the ecological balance and endanger 
the species. 

Man has the ability to alter-to impair or improve-his 
environment and that of other organisms. His use of water 
to dispose of wastes of a technological society and his other 
alterations of aquatic environments have degraded his water 
resources. Water pollutants may alter natural conditions 
by reducing the dissolved oxygen content, by changing the 
temperature, or by direct toxic action that can be lethal or, 
more subtly, can affect the behavior, reproduction, and 

not directly affect a species, it may endanger its continued 
existence by eliminating essential sources of food and 
metabolites. Furthermore, conditions permitting the sur- 
vival of a given organism at one stage of its life may be 
intolerable a t  another stage. 

This Section evaluates criteria and proposes recommen- 
dations that reflect scientific understanding of the relation- 
ships between freshwater aquatic organisms and their en- 
vironment. Anything added to or removed from natural 
waters will cause some change in the system. For each use 
of water there are certain water quality characteristics that 
should be met to ensure the suitability of the water for 
that use. 

The following general recommendations apply to a wide 
variety of receiving systems and pollutants: 

phyGobgj- of thc organis,?.,s. P.!thc-gh I Bl?hStIr?CP may 

0 In  recognition of the limitations of water quality 
management programs, consideration should be 
given to providing reserve capacity of receiving 
waters for future use. 

0 Bioassays and other appropriate tests, including field 
studies, should be made to obtain scientific evidence 
on the effect of wastewater discharges on the en- 
vironment. Test procedures are recommended in 
this report. 

0 A survey of the receiving system to assess the impact 
of waste discharges on the biological community 
should be made on a regular basis, particularly prior 
to new discharges. Such surveys especially should 
cover the seasons most critical to the biological com- 
munity. Background laboratory data should include 
bioassays using important local aquatic organisms 
and associated receiving waters. In addition to the 
more comprehensive surveys, some form of bio- 
monitoring in the receiving system should be carried 
out routinely. A suggested list of ecological consider- 
ations is included in the section on Biological 
_Mnnitoring. 

0 One of the principal goals is to insure the mainte- 
nance of the biological community typical of that 
,particular locale or, if a perturbed community exists, 
to upgrade the receiving system to a quality which 
will permit reestablishment of that community. 

COMMUNITY STRUCTURE AND -PROTECTION OF 
SIGNIFICANT SPECIES 

The natural aquatic environment includes many kinds of 
plants and animals that vary in their life history and in 
their chemical and physical requirements. These organisms 
are interrelated in many ways to form communities. Aquatic 
environments are protected out of recreational and scientific 
interest, for aesthetic enjoyment, and to maintain certain 
organisms of special significance as a source of food. There 

More stringent methods of control or treatment, or 
both, of waste inputs and land drainage should be 
applied to improve water quality as the demand for 
use increases. 

are two schools of thought as to how this can be accom- 
plished. One is to protect the significant species, the as- 
sumption being that by so doing, the entire system k pro- 
tected. The other approach is to protect the aquatic com- 

'. , 
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munity, the assumption being that the significant species 
are not protected unless the entire system is maintained. 

COR m u n ity Structure 

Because chemical and physical environments are con- 
tinually changing-sometimes gradually and sometimes 
catastrophically-many species are necessary to keep the 
aquatic ecosystems functioning by filling habitats vacated 
because of the disappearance of other species. Likewise, 
when one kind of organism becomes extremely abundant 
because of the disappearance of one or more species, 
predator species must be available to feed on the over- 
abundant species and keep it from destroying the hnction- 
ing of the community. In a balanced ecosystem, large 
populations of a single species rarely maintain themselves 
over a long time because predators quickly reduce their 
num ber. 

Therefore, the diverse characteristics of a habitat are 
necessary to the maintenance of a functioning ecosystem 
in the process of evolution. In the fossil record are found 
many species that were more common at  one time than 
they are today and others that have been replaced entirely. 
If it were not for diverse gene pools, such evolutionary 
replacement would not have been possible. 

Some aquatic environments present unusual extremes 
in their chemical and physical characteristics. They support 
highly specialized species that function as ecosystems in 
which energy flows and materials cycle. If these species 
are not present and functioning in this manner, such areas 
may become aesthetically distasteful, as has occurred for 
example in the alkaline flats of the West and the acid bogs 
of the Northeast, Midwest. and East. 

Rare habitats support rare organisms that become extinct 

or endangered species if their habitats are impaired or 
eliminated. In the aquatic world there are many species 
of algae, fish, and invertebrates that are maintained only 
in such rare, fragile habitats. Man must understand them 
if he is to appreciate the process of evolution and the 
trend of ecological change that brings about drastic alter- 
ations to fauna and flora. 

Protection OQ Significant Aquatic Species 

An essential objective of freshwater quality recommen- 
dations is the protection of fish and other aquatic organisms 
for sport or commercial harvesting. This does not imply 
that all other aquatic species will be subject to potential 
extinction, or that an unaltered environment is the goal to 
be attained in all cases. The average person is usually 
interested in only a small number of aquatic species, prin- 
cipally fish; but it remains necessary to preserve, in certain 
unique or rare areas, a diversified environment both for 
scientific study and for maintaining species variety. 

I t  is sometimes difficult to justify protection of isolated 
organisms not used by man unless it can be documented 
that they are ultimately essential to the production of 
desirable biota. In  some instances it may be that a critical, 
sensitive species, irreplaceable in the food web of another 
more important species, is one known only to the biologist. 
In such instances, protection of the “less important” sensi- 
tive species could justifiably determine the water quality 
recommendation. 

Because no single recommendation can protect all im- 
portant sport and commercial species unless the most 
sensitive is protected, a number of species must be con- 
sidered. The most sensitive species provide a good estimate 
of the range of sensitivity of all species. 
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ASSIMILATIVE CAPACITY OF FRESH WATER RECEIVING SYSTEMS 

Waste discharges do  not just go into water but rather 
into aquatic ecosystems. The  capacity of such a system to 
receive and assimilate waste is determined by the physical, 
chemical, and biological interactions within the system. 
Thus the response is a function of the characteristics of 
both the ecosystem and the nature and quantity of the 
waste. Understanding the unique characteristics of each 
ecosystem will enable wise users to develop means to obtain 
maximum beneficial use with minimal damage to the system. 
Each aquatic ecosystem is suficiently unique to require 
professional ecological advice to define the problems as- 
sociated with waste discharge into a particular ecosystem. 
Such a procedure has not been customary in the past, and 
this has led to some unfortunate consequences, but thc 
practice is becoming increasingly prevalent. 

Aquatic systems receive from natural and man-made 
sources a variety of organic and inorganic materials. These 
materials through physical, chemical, and biological inter- 
action are transported, rendered, converted, respired, in- 
corporated, excreted, deposited and thus assimilated by the 
system. However, not all systems can receive and assimilate 
the same quantity or kinds of waste materials. The capacity 
of each system to transform waste without damage to the 
system is a function of the complexity of environmental 
factors. 

Physical factors such as flow velocity, volume of water, 
bottom contour, rate of water exchange, currents, depth, 
light penetration, and temperature, govern in part the 
ability of a system to receive and assimilate waste materials. 

This ability is a function of the reaeration capability of the 
system, the physical rendering of wastes, and other physical, 
chemical, and biological factors. h4ost flowing systems have 
a greater reaeration capacity than standing waters. Fur- 
thermore, flowing systems are open systems with continual 
renewal of water, whereas standing waters arc closed sys- 
tems and act as traps for pollutants. 

Temperature plays a vital role in the ratc of chemical 
reactions and the nature of biological activities in fresh- 
water and in governing the receiving and assimilative ca- 
pacity of a system. h4ost temperate lakes arc thermally 
stratified part of the year, except when thcrc are small 
differences between surface and bottom temperatures in 
the spring and fall. As a consequence little exchange occurs 
between layers during the period of stratification. In  
organically enriched lakes and reservoirs, depletion of 
soluble oxygen typically occurs in the bottom layer because 
there is little or no photosynthesis and little mixing with the 
oxygen-rich surface layer. As a result, substances are re- 
leased from the sediments because certain compounds have 
a much greater solubility in a reduced state. 

The unique chemical characteristics oi water govern in 
part the kinds and quantities of waste a system may receive. 
Some of the important chemical characteristics are hard- 
ness, alkalinity, pH (associated with the buffering capacity), 
and nutrients such as carbon, nitrogen, and phosphorus. 
Because of synergistic or antagonistic interaction with re- 
ceiving water, the effects of a waste on a wide variety of 
receiving systems are hard to predict. 

. 
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When a liquid discharge is made to a receiving system, 
a zone of mixing is created. Although recent public, ad- 
ministrative, and scientific emphasis has focused on mixing 
zones for the dispersion of heated discharges, liquid wastes 
of all types are included in the following considerations. 
(For a further discussion of Mising Zones see Appendix 
11-A,) 

DEFINITION OF A MIXING HONE 

A mising zone is a region in which a discharge of quality 
characteristics different from those of the receiving water 
is in transit and progressively diluted from the source to the 
receiving system. In this region water quality characteristics 
necessary for the protection of aquatic life are based on 
time-exposure relationships of organisms. The boundary of 
a mixing zone is where the organism response is no longer 
time-dependent. At that boundary, receiving system water 
quality characteristics based on long-term exposure will 
protect aquatic life. 

Recommendation 

Although water quality characteristics in mixing 
zones may differ from those in receiving systems, 
to protect uses in both regions it is recommended 
that mixing zones be free of substances attributabl, 
to discharges or wastes as follows: 

0 materials which form objectionable deposits 
0 scum, oil and floating debris; 
0 substances producing objectionable color, odor 

0 conditions which produce objectionable growth 
taste, or turbidity; 

of nuisance plants and animals. 

GENERAL PHYSICAL CONSIDERATIONS 

The mass emission rates of the most critical constituents 
and their relationship to the recommended values of the 
material in the receiving water body are normally the 
primary factors determining the system-degradation po- 

tential of an effluent. Prior to establishment of a mixing 
zone the factors described in IVaste Capacity of Receiving 
IVaters (Section IV, pp. 228-232) and Assimilative Capac- 
ity (This Section, p. 11  1) should be considered and a de- 
cision made on whether the system can assimilate the dis- 
charge without damage to beneficial uses. Necessary data 
bases may include: 

0 Discharge considerations-flow regime, volume, de- 
sign, location, rate of mixing and dilution, plume 
behavior and mass-emission rates of constituents 
including knowledge of their persistence, toxicity, 
and chemical or physical behavior with time. 

0 Receiving system considerations-water quality, lo- 
cal meteorology, flow regime (including low-flow 
records), magnitude of water exchange at point of 
discharge, stratification phenomena, waste capacity 
of the receiving system including retention time, 
turbulence and speed of flow as factors affecting 
rate of mixing and passage of entrained or migrating 
organisms, and morphology of the receiving system 
as related to plume behavior, and biological phe- 
nomena. 

Mathematical models based in part on the above con- 
siderations are available for a variety of ecosystems and 
discharges. (See Appendix 11-A,) All such mathematical 
models must be applied with care to each particular dis- 
charge and the local situation. 

Recommendation 

To avoid potential biological damage or inter- 
ference with other uses of the receiving system i t  
is recommended that mixing zone characteristics 
be defined on a case-by-case basis after determi- 
nation that the assimilative capacity nf the re- 
ceiving system can safely accommodate the dis- 
charge taking into consideration the physical, 
chemical, and biological characteristics of the dis- 
charge and the receiving system, the life history 
and behavior of organisms in the receiving system, 
and desired uses of the waters. 

112 



GENERAL BIOLOGICAL CONSIDERATIONS 

Organisms in the water body may be divided into two 
groups from the standpoint of protection within mixing 
zones: (1) nonmobile benthic or sessile organisms; (2) weak 
and strong swimmers. 

Nonmobile benthic or sessile organisms in mixing 
zones may experience long or intermittent exposures ex- 
ceeding recommended values for receiving systems and 
therefore their populations may be damaged or eliminated 
in the local region. Minimum damage to these organisms 
is attained by minimizing exposure of the bottom area to 
concentrations exceeding levels resulting in harm to these 
organisms from long-term exposure. This may be accom- 
plished by discharge location and design. 

The mixing zone may represent a living space denied the 
subject organisms and this space may or may not be of 
significance to the biological community of the receiving 
system. When planning mixing zones, a decision should be 
made in each case whether the nonmobile benthic and 
sessile organisms are to be protected. 

Recommendation 

To protect populations of nonmobile benthic 
and sessile organisms in mixing zones it is recom- 
mended that the area of their habitat exposed to 
water quality poorer than recommended receiving 
system quality be minimized by discharge location 
and design or that intermittent time-exposure 
history relationships be defined for the organisms’ 
well-being. 

Biological considerations to protect planktonic and 
swimming organisms are related to the time exposure history 
to which critical organisms are subjected as they are carried 
or move through a mixing zone. The integrated time 
exposure history must not cause deleterious effects, including 
post-exposure effects. I n  populations of important species, 
effects of total time exposure must not be deleterious either 
during or after exposure. 

Weak swimmers and drifting organisms may be entrained 
into discharge plumes and carried through a mixing zone. 
In  determining the time exposure history and responses of 
the organisms, the possibility of delayed effects, such as 
death, disease, and increased vulnerability to predation, 
should be investigated. 

Strong swimmers are capable of moving out of, staying 
out of, or remaining in a mixing zone. Water quality 
characteristics which protect drifting organisms should also 
protect migrating fish moving through mixing zones. How- 
ever, there are some discharges that attract animals into 
discharge channels and mixing zones where they are vul- 
nerable to death or shock due to short-term changes in 
water quality, such as rapid temperature fluctuations. This 
vulnerability should be recognized and occurrences that 
expose it should be guarded against (see Chlorine, page 189). 

1. 

2. 
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Some free-swimming species may avoid mixing zones and 
as a consequence the reduced living space may limit the 
population. 

Free-swimming species may be attracted to a discharge. 
Chronic low-level exposure to toxicants may cause death 
or affect growth, reproduction or migratory instincts, or 
result in excessive body-burdens of toxicants hazardous for 
human consumption. 

Recommendation 

To protect drifting and both weak and strong 
swimming organisms in mixing zones it is recom- 
mended that scientifically valid data be developed 
to demonstrate that the organisms can survive 
without irreversible damage, the integrated time- 
exposure history to be based on maximum expected 
residence time so that deleterious effects on popu- 
lations of important species do not occur. 

MEETING THE RECOMMENDATIONS 

In mising zones the exposure of organisms to stress is of 
greater intensity but usually of shorter duration than in 
the receiving waters, assuming no attraction by the dis- 
charge. The objective of mixing zone water quality recom- 
mendations is to provide time exposure histories which 
produce negligible or no effects on populations of critical 
species in the receiving system. This objective can be met 
b y :  (a) determination of the pattern of exposure in terms 
of time and concentration in the mixing zone due either to 
activities of the organisms, discharge schedule, or currents 
affecting dispersion; and (11) determination that delayed 
effects do not occur. 

Protection would be achieved if the time of exposure met 
the relationship T /ET(x)< l  where T is the time of the 
organism’s exposure in the mixing zone to a specified 
concentration, and E‘l’(x) is the effective time of exposure 
to the specified concentration, C, which produces (x) per cent 
response in a sample of the organisms, including delayed 
effects after extended observation. The per cent response, 
(x), is selected on the basis of what is considered negligible 
effects on the total population and is then symbolized 
ET(25), ET(5), ET(O.l), etc. 

Because concentrations vary within mixing zones, a more 
suitable quantitative statement than the simple relationship 
T/ET(x) < I is: 

... Ti T2 T3 

 ET(^) at G+  ET(^) at c?+  ET(^) at  c3 
rn 

where the time of exposure of an  organism passing through 
the mixing.zone has been broken into increments, TI, T2, T3, 

etc. The organism is considered to be exposed to concen- 
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tn t ion  Ci during the time interval Ti, to Concentration Cz 
during the time interval Tz, etc. The sum of the individual 
ratios must then not exceed unity. (See caveat below, 
Short Time Exposure Safety Factors.) 

Techniques for securing the above information, appli- 
cation to a hypothetical field situation, comments, caveats, 
and limitations are expressed in Appendix 11-A, Mixing 
Zones, Development of Integrated Time Exposure Data, 
p. 403. Tabular data and formulae for summation of short- 
term effects of heated discharges on aquatic life are provided 
in the Heat'and Temperature discussion, page 151. 

swoav TIME EXPOSURE SAFETY FACTORS 

This concept of summation of short-term effects and 
extrapolation is an  approach which tests the applicability 
of present bioassay methodology and precision and may 
not be universally applicable to all types of discharges. 
Conservatism in application should be practiced. When 
developing the summation of short-term thermal effects 
data, a safety factor of two degrees centigrade is incorpo- 
rated. In development of summation of short-term toxicity 
effects data, a safety factor exists if a conservative physio- 
logical or behavioral response is used with effective time of 
exposure. However, when mortality is the response plotted, 
an  application factor must be incorporated to provide an 
adequate margin of safety. This factor can most easily be 
applied by lowering the sum of the additive effects to some 
fraction of I so that the sum of Tl/(ET(x) at  C , ) . . - +  
T,/(ET(x) at  C,) then equals 0.9, or less. The value must 
be tnsed on scientific knowledge of the organism's behavior 
and response to the contaminants involved. 

Recommendation 

When developing summation of short-term ex- 
posure effects it is recommended that safety 
factors, application factors, or conservative physio- 
logical or behavioral responses be incorporated 
into the bioassay or extrapolation procedures to 
provide an adequate margin of safety. 

OVERLAPPING MIXING ZONES 

If mixing zones are contiguous or overlap,'the formula 
expressing the integrated time exposure history for single 
plumes should be adjusted. Synergistic effects should be 
investigated, and if not found, the assumption may be made 
that effects of multiple plumes are additive. 

Recommendation 

When two plumes are contiguous or overlap and 
synergistic effects do not occur, protection for 
aquatic life should be provided if the sum of the 
fractions of integrated time exposure effects for 
each plume total 5 0.5. Alternatively, protection 
should be provided if the sum of the fractions for 

both p!.;mes (or more than two coiltigrio'ris or 
overlapping plumes) is 5 1. (See caveat above, Short 
Time Exposure Safety Factors.) 

INTERIM GUIDELINE 

In  the event information on summation effects of the 
integrated time exposure history cannot be satisfactorily 
provided, a conservative single figure concentration can be 
used for all parts of the mixing zone until more detailed 
determinations of the time-exposure relationships are de- 
veloped. This single, time-dependent median lethal concen- 
tration should be subject to the caveats found throughout 
this Section and Appendix 11-A regarding delayed effects 
and behavioral modifications. Because of the variables in- 
volved, the single value must be applied in the light of 
local conditions. For one situation a 24-hour LC50 might 
be adequate to protect aquatic life. In another situation a 
96-hour LC50 might provide inadequate protection. 

CONFIGURATION AND LOCATION OF MIXING ZONES 

The time-dependent three dimensional shape of a dis- 
charge plume varies with a multitude of receiving system 
physical factors and the discharge design. While time ex- 
posure water quality characteristics within mixing zones 
are designed to protect aquatic life, thoughtful placement 
of the discharge and planned control of plume behavior 
may increase the level of ecosystem protection, e.g., floating 
the plume on the surface to protect the deep water of a 
channel ; discharging in midstream or offshore to protect 
biolngically-important littoral areas; piping the effluent 
across a river to discharge on the far side because fish 
historically migrate on the near side; or piping the dis- 
charge away from a stream mouth which is used by mi- 
grating species. Such engineering modifications can some- 
times accomplish what is necessary to meet biological 
requirements. 

Onshore discharges generally have more potential for 
interference with other uses than offshore discharges. For 
example the plume is more liable to impinge on the bottom 
in shallow areas of biological productivity and be closer to 
swimming and recreation areas. 

PROPORTIONAL RELATIONSHIP OF MIXING ZONES 
TO RECEIVING SYSTEMS 

Recommendations for mixing zones do not protect against 
the long-term biological effects of sublethal conditions. 
Thus water quality requirements necessary to protect all 
life stases 2nd ncrcqsnry fiinrtinng nf aqi-!.tic nrga.nkm-s 
such as spawning and larval development, are not provided 
in mixing zones, and it is essential to insure that adequate 
portions of every water body are free of mixing zones. The 
decision as to what portion and areas must be retained at 
receiving water quality values is both a social and scientific 



decision. In  reaching this decision, data input should in- 
clude current and projected information on types and 
locations of intakes and discharges ; percentage of shoreline 
necessary to provide adequate spawning, nursery, and 
feeding areas; and other desired uses of the water. 

Recommendation 

It is recommended that the total area or volume 
of a receiving system assigned to mixing zones be 
limited to that which will: (1) not interfere with 
biological communities or populations of impor- 
tant species to a degree which is damaging to the 
ecosystem; (2) not diminish other beneficial uses 
disproportionately . 
ZONES OF PASSAGE 

In river systems, reservoirs, lakes, estuaries, and coastal 
waters, zones of passage are continuous water routes of 
such volume, area, and quality as to allow passage of free- 
swimming and drifting organisms so that no significant 
effects are produced on their populations. 

Transport of a variety of organisms in river water and 
by tidal movements in estuaries is biologically important 
in a number of ways; e.g., food is carried to the sessile 
filter feeders and other nonmobile orga,nisms; spatial distri- 
bution of organisms and reinforcement of depauperate 
populations is enhanced; embryos and larvae of some fish 
species develop while drifting. Anadromous and cata- 
dromous species must be able to reach suitable spawning 
areas. Their young (and in some cases the adults) must be 
assured a return route to their growing and living areas. 
Many species make migrations for spawning and other 
purposes. Barriers or blocks which prevent or interfere with 
these types of essential transport and movement can be 
created hy wa.ter of inadequate chemical or physical quality. 
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Water quality in the zone of passage should be such that 
biological responses to the water quality characteristics of 
the mixing zone are no longer time-dependent (see Defini- 
tion of Mixing Zone on page 1 12). However, where a zone of 
passage is to be provided, bioassays determining time- 
exposure responses in the mixing zone should include addi- 
tional requirements to assess organism behavior. In  the 
mixing zone discussion above it is assumed that entrainment 
in the plume will be involuntary. However, if there is at- 
traction due to plume composition, exposure in the plume 
could be very much longer than would be predicted by 
physical modeling. If avoidance reactions occur, migration 
may be thwarted. Thus, concentrations in both the mixing 
zone and the zone of passage should be reduced before dis- 
charge to levels below those at  which such behavioral 
modifications affect the populations of the subject organisms. 

Modern techniques of waste water injection such as 
diffusers and high velocity jets may form barriers to free 
passage due to responses of organisms to currents. Turbu- 
lence of flows opposing stream direction may create traps 
for those organisms which migrate upstream by orientation 
to opposing currents. These organisms may remain in the 
mixing zone in response to currents created by the discharge. 

Recommendation 

Because of varying local physical and chemical 
conditions and biological phenomena, no single- 
value recommendation can be made on the per- 
centage of river width necessary to allow passage of 
critical free-swimming and drifting organisms so 
that negligible or no effects are produced on their 
populations. As a guideline no more than ?.5 the 
width of a water-body should be devoted to mixing 
zones thus leaving at least free as a zone of 
passage. 



Monitoring of aquatic environments has traditionally in- 
cluded obtaining physical and chemical data that are used 
to evaluate the effects of pollutants on living organisms. 
Biological monitoring has received less emphasis than 
chemical or physical monitoring, because biological assess- 
ments \cere once not as readily amenable to numerical 
expression and tended to tie more time consuming and 
more expensive. This is no longer true. Aquatic organisms 
can serve as natural monitors of environmental quality and 
should lie included in programs designed to provide con- 
tinuous records of water quality, because they integrate 
all of the stresses placed on an aquatic system and reflect 
the coinlined effect. Chemical-physical assessments identify 
individual components, so the two types of assessments are 
mutually supporting rather than mutually exclusive. 

A biological monitoring program is essential in de- 
termining the synergistic or antagonistic interactions of 
components of waste discharges and the resulting effects on 
living organisms. However, biological monitoring does not 
replace chemical and physical monitoring; each program 
proviclcs information supplemental to the others. 

PROGRAMS 

An ideal biological monitoring program has four com- 
poncnts: ( I )  field surveys, (2) in-plant biological monitoring, 
(3) bioassays, and (4) simulation techniques. Oliviously no 
biological monitoring program is routine, nor does i t  neces- 
sarily have to include all of the above components. However, 
each of the components provides valuable and useful 
information. 

FIELD SURVEYS 

Field surveys are needed to obtain adequate data on 
biological, chemical, and physical water quality to de- 
termine the nature of the system and the possible adverse 
effects of waste discharges on beneficial uses of the system. 
Two methods for continuously monitoring the effects of 
pollution on a receiving water have been described. Patrick 
et al. ( 1954)6* described the use of diatoms as natural moni- 
tors of various types of pollution, Various species of shellfish, 

especially oysters suspended in trays, have been described 
as an effective method of monitoring pollution (Galtsoff 
et al. 1947).' Field surveys should be carried out at suitable 
intervals depending on local conditions. For example, in 
determining the impact of a new or relocated municipal 
or industrial discharge, it is desirable to perform the 
following functions: 

o survey the stream as a part of the site selection pro- 
cedure; 

o continue the field survey prior to construction to 
determine existing water quality: at  this time it is 
also useful to make bioassays using simulated plant 
wastes and representative organisms from the re- 
ceiving systems, and to establish biomonitoring 
stations ; 

o monitor the effects of construction; 
o carry out bioassays using actual plant wastes and 

effluents after the plant is in operation, and make 
field surveys to determine any changes from pre- 
construction results. 

BODY BURDENS OF TOXICANTS 

Body burdens of toxicants that can be concentrated by 
biota should be measured regularly. These data can provide 
early warning before concentrations in water become readily 
available and can provide warnings of incipient effects in 
the biota being monitored. 

IN-PLANT BIOLOGICAL MONITORING 

Present information systems d o  not provide data rapidly 
enough to be of use in environmental management, because 
the constituents of a waste stream are likely to vary from 
hour to hour and from day to day. Potentially harmful 
materials shoiilrl he r f e t ~ c t ~ d  ! x k e  the;* e ~ t e r  th.p recei:.iz- S 

water and before substantial damage has been done to the 
ecosystem. 

* Citations are listed at the end of the Section. They can be located 
alphabetically within subtopics or by their superior numbers which 
run consecutively across subtopics far the entire Section. 
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Several potentially useful methods for rapid in-plant 
monitoring are being explored (Sparks et al. 1969,’ Waller 
and Cairns 1969*), and one rapid in-stream method is now 
operational (Cairns et  al. 1968,2 Cairns and Dickson 19713). 
These in-plant methods use changes in heart rate, respi- 
ration, and movements of fish within a container to detect 
sublethal concentrations of toxicants in a waste discharge. 
Continual information on toxicity of a waste should enable 
sanitary engineers to identify those periods likely to produce 
the most toxic wastes and to identify those components of 
the production process that contribute significantly to 
toxicity. This could be accomplished with bioassays as 
they are currently used, but rarely are enough samples 
taken over a period of time sufficient to give the range of 
information that would be available with continually oper- 
ating bioassay techniques. 

BIOASSAYS 

Of equal importance to the river surveys and the in-plant 
and in-stream monitoring systems is the availability of 
toxicity information based on a predictive bioassay. The 
bioassay provides valuable information pertaining to the 
effects of potential or contemplated discharges on aquatic 
life. Acute bioassays are useful as a shortcut or predictive 
method of estimating safe concentrations by use of suitable 
application factors for many pollutants, as recommended 
throughout this Report. 

However, determining only the acute lethal toxicity of 
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wastes is no longer adequate. Good health and an ability 
to function vigorously are as important for aquatic eco- 
systems as they are for humans. The former end point of 
bioassays, viz., death, has been supplanted by more subtle 
end points such as the protection of respiration, growth, 
reproductive success, and a variety of other functional 
changes (Cairns 1967).’ Acute toxicity determinations are 
being supplemented by long-term tests often involving an  
entire life cycle. The latter require more time and expense 
than short-term tests, but they provide better predictive 
information about biologically safe concentrations of various 
toxicants. Bioassays of organisms other than fish are be- 
coming increasingly common because of the realization 
that elimination of the lower organisms can also have serious 
consequences. 

SIMULATION TECHNIQUES 

The fourth component now available to provide ecological 
information is the use of scale models. Models are used to 
study major ecological or environmental problems by simu- 
lating prospective new uses. Engineering scale models are 
common, but ecological scale models or environmental 
simulation systems are not yet as commonly used. Experi- 
mental streams and reservoirs have been constructed to 
predict toxicity of waste discharges, determine factors re- 
sponsible for productivity of aquatic communities, and 
answer questions about plant site location (Haydu 1968,6 
Warren and Davis 19719). 



BIOASSAYS 

Bioassays are used to evaluate a given pollutant in terms 
of existing water quality. Most pollution problems involve 
discharges of unknown and variable composition where 
more than one toxicant or stress is present. I n  evaluating 
criteria for specific toxicants, consideration must be given 
to other environmental influences such as dissolved oxygen, 
temperature, and pH. 

Harmful effects of pollutants can be described by one or 
more of the following terms: 

acute-involves a stimulus severe enough to bring 
about a response speedily, usually within four days 
for fish. 

subacute-involves a stimulus less severe than an  
acute stimulus, producing a response in a longer 
time; may become chronic. 

chronic-involves a lingering or continuous stimw 
Ius; often signifying periods of about one-tenth of 
the life span or more. 

lethal-causes death by direct action. 
sublethal-insufficient to cause death. 
cumula t ive-brought  about, or increased in strength, 

by successive additions. 

Two broad categories of effect (Alderdice 1967)’O may 
be distinguished: acute toxicity which is usually lethal, and 
chronic toxicity which may be lethal or sublethal. 

MEASURES OF ‘JQXOCIVY 

Most of the available toxicity data are reported as the 
median tolerance limit (TLm or TL50) or median lethal 
concentration (LC50). Either symbol signifies the concen- 
tration that kills 50 per cent of the test organisms within a 
specified time span, usually in 96 hours. The customary 
96-hour (four-day) time period is recommended as adequate 
for mrrst rrlvti.?: 
of acute toxicity will have been attained within this time 
in the majority of cases (Sprague 1969).45 This lethal threshold 
concenfration is usually noticeable in the data. SometGes 
mortality continues, and tests of a week or longer would be 
necessary to determine the hesho ld .  The  lethal. threshold 

of :c;:: :G i& j j  Y.2h FGh. ‘A. :fiit;!Ad 

concentration should be reported if it is demonstrated, 
because it is better for comparative purposes than the 
arbitrary 96-hour LC50. Absence of any apparent threshold 
is equally noteworthy. 

The median lethal concentration is a convenient reference 
point for expressing the acute lethal toxicity of a given 
toxicant to the average or typical test animal. Obviously it 
is in no way a safe concentration, although occasionally 
the two have been confused. Safe levels, which permit 
reproduction, growth, and all other normal life-processes 
in the fish’s natural habitat, usually are much lower than 
the LC50. I n  this book, the recommended criteria are 
intended to be safe levels. 

Substantial data on long-term effects and safe levels are 
available for only a few toxicants. Information is now ac- 
cumulating on the effect of toxicants on reproduction, an  
important aspect of all long-term toxicity tests. Other infor- 
mation is being gathered on sublethal effects on growth, 
performance, avoidance reactions, and social behavior of 
fish. Also important is the sensitivity of organisms at  various 
life stages. Many organisms are most sensitive in the larval, 
nymphal, molting, or fry stage; some are most sensitive in 
the egg and sperm stage. 

I t  would be desirable if a single, universal, rapid, bio- 
logical test could be used to measure directly sublethal 
effects of a pollutant. Data on sublethal responses of fish 
have been used, such as respiratory rates and “coughing,” 
swimming speed, avoidance behavior, and specific physio- 
logical and biochemical changes in various organisms; and 
histological studies have been made. A review of these 
(Sprague 1971)45 shows that no single test is meaningful for 
all kinds of pollutants. Therefore, it is recommended that 
routine assessment and prediction of safe levels be made by 
carrying out bioassays for acute lethal toxicity and multiply- 
ing the lethal concentration by a suitable application factor. 
1 ilc appAar;uii k i o r s  uxl l  aid recommended here nave 
been derived principally from chronic or sublethal labora- 
tory experiments or from well documented field studies of 
polluted situations. 

Acceptable concentrations of toxicants to which organisms 
are exposed continually must be lower than the higher 

T L  - - - - I .  _ _  *_ - 
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concentrations that may be reached occasionally but briefly 
without causing damage. Both maximum short-time con- 
centrations and the more restrictive range of safe concen- 
trations for continuous exposure are useful. The  recommen- 
dations in this Report are those considered safe for con- 
tinuous exposure, although in some cases there has also 
been an indication of permissible higher levels for short 
periods. 

In  field situations and industrial operations, average 
24-hour concentrations can be determined by obtaining 
composite or continuous samples. After 24 hours, the 
sample may be mixed and analyzed. The  concentration 
found will represent the average concentration. Samples 
obtained this way are more reproducible and easier to 
secure than the instantaneous sample of maximum concen- 
trations. However, average concentrations are of little sig- 
nificance if fish are killed by a sharp peak of concentration, 
and for that reason maximum concentrations must also 
be considered. 

METHODS FOR BIOASSAYS 

Although there are many types of assays, two are in 
general use: 

1. the static bioassay in which the organisms are held 

2. the continuous flow or flow-through bioassay in 
in a tank containing the test solution, and 

which the test solution is renewed continually. 

The difference between the two types is not always great, 
but one can have clear advantages over the other. 

An outline of methods for routine bioassays has been 
given in “Standard Methods for the Examination of Water 

American Water Works Association, Water Pollution Con- 
trol Federation, 197 1,11 hereafter referred to as Standard 
Methods 197148). Cope (1961)21 described bioassay re- 
porting, and Cairns (1969)20 presented a rating system 
for evaluating the quality of the tests. Sprague (1969,4a 
1970,“ 197 1 46) reviewed research to develop more incisive 
testing methods. Their findings are utilized in this Report. 

Procedure for acute bioassay with fish is now relatively 
standardized and usually incorporates: 

afid X A l - - * - . . . - + a J ,  pJLcvILIIL.L ( A m p r ; p 2 n  . .... ._____ Pnhlir. Health Association, 

a series of replicate test containers, each with a 
different but constant concentration of the toxicant; 
a group of similar fish, usually 10, in each container; 
observations of fish mortality during exposures that 
last between one day and one week, usually four 
days; and 
final results expressed as LC50. 

Other factors that are required for g o d  bioassay practice 
are briefly summarized in the references mentioned above. 

CHECKLIST FOR PROCEDURES 

Species 

A selected strain of fish or other aquatic organisms of 
local importance should be used in bioassays conducted 
for the purpose of pollution monitoring. Preferably it 
should be a game or pan fish, which are usually among the 
more sensitive. Ability to duplicate experiments is enhanced 
by the use of a selected strain of test organisms (Lennon 
1967).3* A selected strain can also help to determine the 
difference between toxicants more reliably, and to detect 
discrepancies in results due to apparatus. A National Re- 
search Council subcommittee chaired by Dr. s. F. Snieszko 
is currently preparing a report, Standards and griidelines for 
the breeding, care, and management qf laboratory animals-Fisk, 
which will be useful in this area. Suscepti1)ility to toxicants 
among different species of fish is generally less than might 
be expected-sometimes no greater than when a single 
species is tested in different types of water. For example, 
trout and certain coarse fishes were equally resistant to 
ammonia when tests continued for several days to give the 
less sensitive species time to react (Ball 1967a);I3 and even 
for zinc, the coarse fishes were no more than 3.8 times as 
resistant as trout (Ball 19671,).l4 Recommendations for the 
sclected test fish will often provide protcction to other 
aquatic animals and plants. There are exceptions to this 
generalization : for example, copper is quite damaging to 
algae and mollusks, and insecticides are especially dangerous 
to aquatic arthropods. Sufficient data exist to prcdict thcse 
situations. When they are expected, bioassays should be 
run with two kinds of invertebrates and two kinds of algae 
(Patrick et al. 1968).4’ 

In  the case of important bodies of water, there is good 
reason to test several kinds of aquatic organisms in addition 
to fish. Patrick et al. (1968)41 made a comparative study of 
the ettects oi 20 poiiutants on fish, snaiis, a d  diatoms aiid 
found that no single kind of organism was most sensitive 
in all situations. The  short-term bioassay method for fish 
may also be used for many of the larger invertebrate ani- 
mals. A greater volume of test water and rate of flow, or 
both, may be required in relation to weight of the animals 
since their metabolic rate is higher on a weight basis. 

Larvae of mollusks or crustaceans can be good test ani- 
mals. The crustacean Daphnia is a good test animal and was 
widely used in comparative studies of toxicants by Ander- 
son ( 1950).12 Recently Biesinger and Christensen (unpub- 
lished data, 1971)5* have carried out tests on the chronic 
effects of toxicants on growth, survival, and reproduction 
of Daphnia magna. Because of the rapid life cycle of Daphnia, 
experiments on chronic toxicity can be completed in about 
the same time as a n  acute toxicity test with fish. 

Patrick et  al. (1968)41 have shown that diatoms, snails 
and fish exposed for roughly comparable periods of time 
and in similar environmental conditions very often have 
similar LCSO’s, but at  other times these may differ greatly. 

, 
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However, for some tnxicants diitorr?s were mcst sensitive; 
for others, fish; and for others, snails. When one is comparing 
data of this type, one questions whether a LC50 for a diatom 
population in which a number of divisions have occurred 
during the test period is comparable to that obtained for 
fish and snails in which no reproduction has occurred during 
the test period. In  the sense that there are 50 per cent fewer 
cells in the LC50 concentration than there are in the diatom 
control culture, the test is somewhat equivalent to a test 
of acute toxicity that results in 50 per cent fewer surviving 
fish in the LC50 t h y  i.n the control container. Also loss of 
ability to grow and divide might be just as fatal to a micro- 
bial population as death of a substantial number of its 
members would be to a fish population. 

When the absolute time for the test is considered, there 
are also reasons for believing that exposure of diatoms to a 
toxicant through several generations might not constitute 
a chronic test, because it is quite possible that for toxicants 
to accumulate in a cell may require a period of exposure 
much more lengthy than that encompassed in the average 
test which only spans a few generations. This would be 
particularly true when the organisins were dividing rapidly 
and the additional protoplasm diluted the material k i n g  
accumula ted. 

Dilution Water 

Toxicants should be tested in the water that will receive 
the pollutant in question. In  this way all modifying factors 
and combined toxicities will tie present. It is not advisable 
to use tap water for dilution, because it may contain chlorine 
and other harmful materials such as copper, zinc, or lead 
from pluml>ing systems. Routine dechlorination does not 
insure complete removal of chlorine. 

Variations in physical and chemical characteristics of 
water affect toxicity of pollutants. Effects of five environ- 
mental entities on the lethal threshold of ammonia were 
illustrated a decade ago (Lloyd 1961h).J4 Hardness of water 
is particularly important in toxicity of metals. Hydrogen 
ion concentration is an important modifying factor for 
ammonia and cyanide. Higher temperatures sometimes 
increase toxicity of a pollutant, but recent work shows that 
phenol, hydrogen cyanide, ammonia, and zinc may be 
more toxic at  low temperatures (United Kingdom Ministry 
of Technology 1969)." Dissolved o.xygen levels that are 
below saturation will increase toxicity, and this is predictable 
(Lloyd 1961a;3J Brown 1968).lb 

The supply of dilution water must be adequate to main- 
tain constant test conditions. In both static and continuous 
flow tests, a sufficiently large volume of test water must be 
uscd, 2nd it myr t  hp ~ ~ Q ! I C P $  or rep!enishe$ Crc-l--+ly. -I------ 

This is to provide oxygen for the organism and dilution of 
metabolic wastes, to limit changes in temperature and pH, 
and to compensate for degradation, volatilization, intake, 
and sorption of the toxicant. In static tests, there should be 
two or three liters of water per gram of fish,, changed daily, 

. 

Oi incieajed proportionaiiy in voiume for the number of 
days of the test. In continuous flow tests, the flow must 
provide at  least two or three liters of water per gram of fish 
per day, and it must equal test-volume in five hours or 
less, giving 90 per cent replacement in half a day or less. 

Acclimation 

Acclimatizing the test organism to the specific water 
before the bioassay begins may have marked effect upon 
the outcome. Abrupt changes in quality of the water should 
be avoided. Time for acclimation of the organisms to the 
conditions of the diluent water should be as generous as 
possible, dependent on life span. At least two weeks is 
recommended for fish. 

T e d  Methods 

Test methods must be adequately described when the 
results are given. Several bioassay procedures are listed in 
Table 111-1. Adequate and appropriate control tests must 
always be run (Sprague 1969).43 Survival of the control 
organisms is a minimum indication of the quality of the 
test organisms. In addition, levels of survival and health 
in holding tanks should be indicated and the conclusions 
recorded. 

TABLE ZZZ-I-Recommended Literature Sources for Bioassay 
and Biomonitoring Procedures with Various Aquatic 

Organisms 



Dissolved Oxygen 

The problem of maintaining dissolved oxygen concen- 
trations suitable for aquatic life in the test water can be 
difficult. The suggestions on test volume and replacement 
times (see Dilution Water above) should provide for ade- 
quate oxygen in most Cases. However, with some pollutants, 
insufficient oxygen may be present in the test water because 
a biochemical and a chemical oxygen demand (BOD and 
COD) may consume much of the available dissolved osygen. 
Aeration or oxygenation may degrade or remove the test 
material. Devices for maintaining satisfactory dissolved 
oxygen in static tests have been proposed and used with some 
degree of effectiveness, and are described in Doudoroff 
et al. (1951).= 

Concentrations 

Periodic measurements of concentration of the toxicant 
should be made a t  least at  the beginning and end of the 
bioassay. If this is not possible, introduced concentrations 
may be stated alone, but it should be realized that actual 
concentrations in the water may become reduced. 

In the flow-through type of bioassay, a large quantity of 
test water can be made up and used gradually. More often 
a device is used to add toxicant to a flow of water, and the 
mixture is discharged into the test container, using apparatus 
such as “dipping bird” dosers described by Brungs and 
Mount (1967).19 Other devices have been developed I>y 
Stark (1967),47 and Mount and Warner (1965),39 using 
the doser technique. 

Evaluation of Results 

Mortality rates a t  the longest exposure time should be 
plotted on a vertical probit scale against concentrations of 
toxicants on a horizontal logarithmic scale. The concen- 
tration which causes 50 per ~ i i t  iiiGiZi!iPf car: be .;ea:! XX! 

used as LC50. Errors in LC50 can be estimated using the 
simple nomograph procedures described by Litchfield and 
Wilcoxon (1949).aZ A more refined estimate of error may 
be made using the methods of Finney (1952),25 which can 
be programmed for a computer. 

The value of the results would be improved if the LC5O’s 
were estimated (by the above procedures) at  frequent 
exposure times such as 1, 2, 4, 8f1, 14f2, 24, 48, 72, 
and 96 hours. A toxicity curve of time versus LC50 could 
then be constructed on logarithmic axes. The lethal thresh- 
old concentration could then be estimated in many cases 
(Sprague 1969)43 to provide a more valid single number 
for description of acute toxicity than the arbitrary 96-hour 
LC50. 

For some purposes, such as basic research or situations 
where short exposures are of particular concern, it would 
be desirable to follow and plot separately the mortality of 
the group of fish in each tank. In this way, the median 
lethal’ time can, be estimated for a given concentration. 
Methods for doing this are given in Appendix 11-A. 
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APPLICATION FACTORS 

Short-term or acute toxicity tests do not indicate concen- 
trations of a potential toxicant that are harmless under 
conditions of long-term esposure. Nevertheless, for each 
toxicant there is obviously a numerical value for the ratio 
of the safe concentration to the acutely lethal concentration. 
Such values are called application factors. In some cases 
this safe-to-lethal ratio is known with reasonaldc accuracy 
from experimental work, as in the examples given in Table 
111-2. However, for most toxicants, the safe level has not 
been determined, and must be predicted by some approxi- 
mate method. In these cases, the assumption has Ixcn 
made in this Report, that the numerical value of the safe- 
to-lethal ratio, the application factor, is constant for related 
groups of chemicals. Values for the ratio will lie recom- 
mended. The safe level of a particular toxicant can thcn 
be estimated approsimately by carrying out an acute hio- 
assay to deterininc the lethal concentration, thcn multi- 
plying this by the suggested application factor. An appli- 
cation factor docs not make allowance for unknown factors. 
I t  is nierely a fractional or decimal factor applied to a 
lethal concentration to estimate the safe concentration. 

Ideally, an application factor should tic determined for 
each waste material in question. To do this, i t  is nrcessary 
first to determine the lethal concentration of the waste 
according to the bioassay procedures outlined al)ove. TO 
obtain thc application factor, the safe concentration of the 
same waste must be determined for the same spccies IIY 
thorough research on physiological, I)iochemical, and IIC- 
havioral effects, and by studying growth, reproduction, 
and production in the laboratory and field. The safe-to- 
lethal ratio obtained could then be used as an application 
factor in a given situation, by working from the measured 
LC50 of a particular kind of waste to prcdict the safe 
concentration. 

TABLE ZZI-&Ratios between the safe concentration and the 
lethal concentration which have been determined experi- 
mentally for potential aquatic pollutants. Sources of data 
are given in the sections on the individual pollutants. 
- 

*(l.lO-!Nlal Rtio spdsr e4 lairml Milarirl 

US.. . . , . . . . . , . . . . . . Falhwd minnow (Pimcphala promstar) Belwmn 0.14 and 0.21 

Chlorins ... . . , . . . . . . . . Falhwd minnow 0.16 
Grmnurur 0.16 

SuiOUfilda,. . , ._ , . . . . . . . Falhwd miPam and whib sucker (Calodomur sommatom) 0 . k t  
waneye pike (Stizoadion ribeum v.) 0.Zf 

Coppar,. , . . . . , . , . . . . . Several species ol flrh 
Trinlant chromium.. , , Favlwd dinnw 0.031 
Hsunkat chromium.. Fathead minnow 0.03 

Brook hwl (SIlveiinu~fontinrlir) 0.012 

Mtblhion. . . . , . . . . . . . Favlwd mirvmr a d  bluqiU (LOWS Imrhrabirur) 
Culuryl.............. Firhrpscier 6.02 
Nickel.. . . . , . . . . . . . , . F8tb-d mianaw 
bad . .  . . . , . . , , . . . , , . . Rlinba and Brook bar1 
Zinc .........___...... Ftlhaad minnow 0.ws 

(=tboulO.?l) 

clors100.l 

Minbmr bout (klmo pirdnai) 0.04 
8.03 

0.02 
<om 
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In this approach, a 96-hour LC50 is determined for the 
pollutant using water from the receiving stream for dilution. 
The test organisms selected should be among the most 
sensitive species, or an important local species at  a sensitive 
life stage, or a species whose relative sensitivity is known. 
This procedure takes into consideration the effects of local 
water quality and the stress or adverse effects of wastes 
already present in the stream. The LC50 thus found is 
then multipliecl by the application factor for that waste to 
determine its safe concentration in the specific stream or 
section of stream. Such Ilioassays should I)e repeated at  
least monthly or when changes in process or rate of waste 
discharge are observed. 

For example, if  the 96-hour LC50 is 0.5 milligrams per 
liter (mg,,'l) and the concentration of the waste found to lie 
safe is 0.01 mg/I. the ratio would l ie:  

Safe Concentration 0.01 1 - 
96-hour LC50 0.50-50 

In this instance. the safe-to-lethal ratio is 0.02. It can be 
used as an application factor in other situations. Then, in 
a given situation involving this waste, the safe Concentration 
in the receiving stream would lie found by multiplying the 
four-clay LC50 by 0.02. 

This predictive procedure 1)ascd on lethal concentrations 
is useful, I)ecausc the precise safe level of many pollutants 
is not known t)ecause of the uncertainty about toxicity of 
mixed effluents and the difference in sensitivity among fish 
and fish food organisms. Henderson (1957)*' and Tarzwell 
(1362) l8 have discussed various factors involved in de- 
veloping application factors. Studies by Mount and Stephan 
( Ic167).~~ Rrungs (1969),lS Mount (1968),37 McKim and 
Benoit (1971),3G and Eaton (1970)?4 in which continuous 
exposure was used, reveal that the safe-to-lethal ratio that 
permits spawning ranges over nearly two orders of magni- 
tude. Exposure will not he constant in most cases, and 
higher concentrations usually can be tolerated for short 
periods. 

Lethal threshold concentrations, which may require more 
than 96-hour exposures, may lie Iienefieially used (Sprague 
1969)" to replace 96-hour LC50 in the above procedures, 
and there is a trend today to use such threshold concen- 
trations (Eaton 1970).?4 

At present, safe levels have Iieen determined for only a 
few wastes, and as a result only a few application factors are 
known. Because the determination of safe levels of pollutants 
is an  involved process, interim procedures for estimating 
to1eral)le concentrations of various wastes in receiving waters 
must be used. T o  meet this situation, three universal appli- 
cation factors selected on the basis of present knowledge, 
experience, and judgment are recommended a t  the end of 
this section. LVhere toxicants have a nonpersistent nature 
(a half life of less than 4 days) or noncumulative effects, 
an  application factor of 0.1 of the 96-hour LC50 should 
not be exceeded at  any time or place after mixing with the 

receiving waters. The 24-hour average of the concentration 
of these toxicants should not exceed 0.05 of the LC50 if 
aquatic life is to lie protected. For toxic materials which 
are persistent or cumulative the concentrations should not 
exceed 0.05 of the 96-hour LC50 at  any time or place, and 
the 24-hour average concentration should not exceed 0.01 
of the 96-hour LC50 in order to protect aquatic life. I t  is 
proposed that these general application factors be applied 
to LC50 values determined in the manner described above 
to set tolerable concentrations of wastes in the receiving 
stream. 

MIXTURES OF TWO OR MORE TOXICANTS 

The toxicity of a mixture of pollutants may be estimated 
Iiy expressing the actual concentration of each toxicant as 
a proportion of its lethal threshold concentration (usually 
equal to the 96-hour LC50) and adding the resulting 
numbers for all the toxicants. If the total is 1.0 or greater, 
the mixture will be lethal. 

The system of adding different toxicants in this way is 
based on the premise that their lethal actions are additive. 
Unlikely as it seems, this simple rule has been found to 
govern the combined lethal action of many pairs and mix- 
tures of quite dissimilar toxicants, such as copper and 
ammonia, and zinc and phenol in the laboratory (Herbert 
and Vandyke 1964,?9 Jordan and Lloyd 1964,30 Brown 
et al. 1969).17 The rule holds true in field studies (Herbert 
1965,?* Sprague et al. 1965).4G The method of addition is 
useful and reasona1)ly accurate for predicting thresholds of 
lethal effects in mixtures. 

There is also evidence of a lower limit for additive lethal 
effects. For ammonia and certain other pollutants, levels 
lielow 0.1 of the lethal concentration do not seem to con- 
tribute to the lethal action of a mixture (Brown et al. 1969," 
Lloyd and Orr 1969).35 This lower cutoff point of 0.1 of 
the LC50 should lie used when it  is necessary to assess the 
lethal effects of a mixture of toxicants. 

SUBLETHAL EFFECTS 

Sublethal or chronic effects of mixtures are of great im- 
portance. Sublethal concentrations of different toxicants 
should he additive in effect. Here again, it would be ex- 
pected that for any given toxicant there would be some low 
concentration that would have no deleterious effect on an  
organism and would not contribute any sublethal toxicity 
to a mixture, but there is little research on this subject. 
Biesinger and Christensen (unpublished data 1971),52 con- 
rllldPd tha.t sld?rhrEiC CCr?Cer?trE?i"nS d ?! tcxic:n:r, :*:ere 

close to being additive in causing chronic effects on repro- 
duction in Daphnia. Copper and zinc concentrations of 
about 0.01 of the LC50 are additive in causing avoidance 
reactions (Sprague et  al. 1965).46 O n  the other hand, some- 
what lower metal concentrations of about 0.003 of the LC50 
do  not seem to be additive in affecting reproduction of fish 
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(Eaton unpublished data 1971).6* Perhaps there is a lower 
cutoff point than 0.01 of the LC50 for single pollutants 
contributir-g to sublethal toxicity of a mixture. 

As an interim solution, it is recommended that the con- 
tribution of a single pollutant to the sublethal toxicity of a 
mixture should not be counted if it is less than 0.2 of the 
recommended level for that pollutant. Applying this to a 
basic recommended level of 0.05 (see the Recommendation 
that follows) of the LC50 would yield a value of 0.01 of the 
LC50, corresponding to the possible cutoff point suggested 
above. 

It is expected that certain cases of joint toxicity will not 
be covered by simple addition. The most obvious exception 
would be when two toxicants combine chemically. For 
example, mixed solutions of cyanides and metals could 
cause addition of toxicity or very different effects if the 
metal and cyanide combined (Doudoroff et al. 1966).23 A 
thorough understanding of chemical reactions is necessary 
in these cases. 

For further discussions of bioassays and the difficulties 
posed in assessing sublethal effects of toxicants on organisms, 
see Section IV, pp. 233-237. 

Recommendations for the Use of Application Factors to 
Estimate Safe Concentrations of Toxic Wastes in Receiving 
Streams 

Where specific application factors have been determined 
for a given material, they should be used instead of the safe 
concentration levels of wastes given below : 

(a) Concentration of materials that are nonpersistent 
or have noncumulative effects should not exceed 0.1 of 
the 96-hour LC50 at  any time or place after mixing with 
the receiving waters.  ne ~ + n o u r  avcrayc lif i k  ;GX;Z- 

tration oi these mareriais siwuiii not excccd 0.05 zf the 
LC50 after mixing. 

For toxicants which are persistent or cumulative, 
the concentrations should not exceed 0.05 of the 96-hour 
LC50 at any time or place, nor should the 24-hour average 
concentration exceed 0.01 of the 96-hour LC50. 

When two or more toxic materials are present a t  
the same time in the receiving water, it should be assumed 
unless proven otherwise that their individual toxicities are 
additive and that some reduction in the permissible concen- 
trations is necessary. The amount of reduction required is 
a function of both the number of toxic materials present 
and their concentrations in respect to the permissible con- 
centrations. The following relationship will assure that the 

-. ^ .  . 

(b) 

(c) 
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combined amounts of the several substances do not exceed 
a permissible concentration: 

ca c b  Cn -+-+ . . . +-< 1.0 
La Lb Ln- 

This formula may be applied where C., cb, . . . c, are the 
measured or expected concentrations of the several toxic 
materials in the water, and La, Lb, . . . Ln are the respective 
concentrations recommended or those derived by using 
recommended application factors on bioassays done under 
local conditions. Should the sum of the several fractions 
exceed 1.0, a local restriction on the concentration of one 
or more of the substances is necessary. 

C and L can be measured in any convenient chemical 
unit as proportions of the LC50 or in any other desired way, 
as long as the numerator and denominator of any single 
fraction are in the same units. T o  remove natural trace 
concentrations and low nonadditive concentrations from 
the above formula, any single fraction which has a value 
less than 0.2 should be removed from the calculation. 

Example: 
Small quantities of five tosicants are measured in a 
stream as follows: 

3 micrograms/liter (pg/l) of zinc; 3 pg/1 of phenol; 
3 Fg/l of un-ionized ammonia as calculated from 
Figure 111-10 (see Ammonia, p. 186): 1 pg/l of 
cyanide; and 1 pg/l of chlorine. 

A bioassay with zinc sulphate indicates that the 96- 
hour LC50 is 1.2 mg/l. The application factor for 
zinc is 0.005; therefore, the allowable limit is 0.005X 
1.2 =0.006 mg/l. Initial bioassays with phenol, am- 
monia, and cyanide indicate that the recommended 
values are the safe concentrations stated in other sec- 
tions oi rne Kepori, I I U L  ik L * x ; h i :  ;f LC5C!; z the 
limits sre !I.! zg/!, 0.02 mg/!, 2nd 0.005 mg/l. The 
permissible limit for chlorine (page 189) is 0.003 mg/l. 
Therefore, the total toxicity is estimated as follows for 
zinc, phenol, ammonia, cyanide, and chlorine, re- 
spectively: 

0.003 - + ~ + ~ + ~ + ~  0003 0003 0001 0001 
0.006 0.1 0.02 0.005 0.003 

=0.5+0.03+0.l5+0.2+0.33 
The second and third terms, i.e., phenol and ammonia, 
should be deleted since they are below the minimum 
of 0.2 for additive effects. This leaves 0.5+0.2+0.33 = 
1.03, indicating that the total sublethal effect of these 
three toxicants is slightly above the permissible level 
and that no higher concentration of any of the three 
is safe. Thus none can be added as a pollutant. 



Numerous activities initiated to maximize certain uses of 
water resources often adversely affect water quality and 
minimize other uses. These activities have caused both 
benefit and harm in terms of environmental quality. The 
common forms of physical alteration of watersheds are 
channelization, dredging, filling, shoreline modifications 
(of lakes and streams), clearing of vegetation, rip-rapping, 
diking, leveling, sand and gravel removal, and impounding 
of streams: 

Channelization is widespread throughout the United 
States, and many studies have been conducted documenting 
its effects. Channelization usually increases stream gradient 
and flow rates. The quiet areas or backwaters are either 
eliminated or cut off from the main flow of the stream, the 
stream bed is made smooth, thus reducing the habitats 
available to benthic organisms, and surrounding marshes 
and swamps are more rapidly drained. The steeper gradient 
increases velocity allowing the stream to carry a greater 
suspended load and causing increased turbidity. The rate 
of organic waste transformation per mile is usually reduced, 
and destruction of spawning and nursery areas often occurs. 
Trautman (1939),67 Smith and Larimore (1963),65 Peters 
and Alvord ( 1964),64 Welker ( 1967),69 Martin ( 1969),63 
and Gebhards (1970)" have discussed the harmful effects 
of channelization on some fish populations and the effect 
on stimulation of less desirable species. 

Dredging undertaken to increase water depth often 
destroys highly productive habitats such as marshes (Mar- 
shall 1968,62 Copeland and Dickens 1969).56 The spoils 
from dredging activities are frequently disposed of in other 
shallow sites causing further loss of productive areas. For 
example, Taylor and Saloman (1968p  reported that since 
1950 there has been a 20 per cent decrease in surface area 
of productive Boca Ciega Bay, Florida, due to fill areas. 
It :ias become common practice to fill in marshy sites near 
large metropolitan areas (e.g., San Francisco Bay, Jamaica 
Bay) to provide for airport construction and industrial 
development. 

In addition to the material that is actually removed by 
the dredging process, a considerable amount of waste is 
suspended in the water resulting in high turbidities (Mackin 

1961).6* If the dredged sediments are relatively nontoxic, 
gross effects on motile aquatic life may not be noticeable, 
but benthic communities may be drastically affected by the 
increased redeposition of silt (Ingle 1952).59 

In many instances either high nutrient or toxic sediments 
are suspended or deposited during the dredging process. 
This action may kill aquatic organisms by exposure to the 
toxicants present or by the depletion of dissolved oxygen 
concentrations, or both. Brown and Clark ( 1968)54 noted 
a dissolved oxygen reduction of 16 to 83 per cent when 
oxidizable sediments were resuspended. In many cases dis- 
turbed sediments containing high nutrient concentrations 
may stimulate undesirable forms of phytoplankton or 
Cladophora. Gannon and Beeton ( I  969)67 categorized harbor 
sediments in five groups. Those most severely polluted 
were toxic to various animals and did not stimulate growth 
of phytoplankton. Other sediments were toxic but stimu- 
lated plant growth. The least polluted sediments were not 
toxic and stimulated growth of phytoplankton but not 
Cladophora. 

Three basic aspects must be considered in evaluating the 
impact of dredging and disposal on the aquatic environ- 
ment: ( I )  the amount and nature of the dredgings, (2) the 
nature and quality of the environments of removal and 
disposal, and (3) the ecological responses. All vary widely 
in different environments, and it is not possible to identify 
an optimal dredging and disposal system. Consequently, 
the most suitable program must be developed for each 
situation. Even in situations where soil is deposited in 
diked enclosures or used for fill, care must be taken to 
monitor overflow, seepage, and runoff waters for toxic and 
stimulatory materials. 

Artificial impoundments may have serious environmental 
impact on natural aquatic ecosystems, 2r.d 9th-r 
artificial barriers frequently block migration and may 
destroy large areas of specialized habitat. Aquatic organisms 
are frequently subjected .to physical damage if they are 
allowed to pass through or over hydroelectric power units 
and other man-made objects when properly designed 
barriers are not provided. At large dams, especially those 
designed for hydroelectric power, water drawn from the 
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pool behind the dam is frequently taken from great depths, 
resulting in the release to the receiving stream of waters 
low in dissolved oxygen and excessively cold. This can be a 
problem, particularly in areas where nonnative fish are 
stocked. 

Cutting down forests, planting the land in crops, and 
partially covering the surface of a watershed by building 
roads, houses, and industries can have detrimental effects 
on water ways. Wark and Keller (1963)68 showed that in 
the Potomac River Basin (Washington, D.C.) reducing the 
forest cover from 80 per cent to 20 per cent increased the 
annual sediment yield from 50 to 400 tons per square mile 
per year. The planting of land in crops increased the sedi- 

..merit yield from 70 to 300 tons per square mile per year, 
or a fourfold increase as the land crops increased from 10 
per cent to 50 per cent. Likens et al. (1970)60 showed that 
cutting down the forest in the Hubbard Brook area (Ver- 
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mont) caused substantial changes in the streams. The sedi- 
ment load increased fourfold over a period from h4ay 1966 
to May 1968. Furthermore, the particulate matter drained 
from the deforested watershed became increasingly in- 
organic in content, thus reducing the value of the sediment 
as a food source. The nutrient content of the water was also 
affected by cutting down the forests. The nitrate concen- 
tration increased from 0.9 mg/l prior to the cutting of 
vegetation to 53 mg/l two years later. Temperatures of 
streams in deforested areas were higher, particularly during 
the summer months, than those of streams bordered bv 
forests (Brown and Krygier 1970).55 

Prior to any physical alterations of a watershed, a 
thorough investigation should be conducted to determine 
the expected balance between benefits and adverse environ- 
mental effects. 



SUSPENDED AND SETTLEABLE SOhODS 

Suspended and settleable solids include both inorganic 
and organic materials. Inorganic components include sand, 
silt, and clay originating from erosion, mining, agriculture, 
and areas of construction. Organic matter may be com- 
posed of a variety of materials added to the ecosystem from 
natural and man-made sources. These inorganic and organic 
sources are discussed in the Panel Report on Marine 
Aquatic Life and Wildlife (Section IV), and the effects of 
land-water relationships are described in the report on 
Recreation and Aesthetics (Section I). 

SOIL AS A SOURCE O F  MINERAL PARTICLES 

Soil structure and drainage patterns, together with the 
intensity and temporal distribution of rainfall that directly 
affect the kind and amount of protective vegetative cover, 
determine the susceptibility of a soil to erosion. Where 
rain occurs more or less uniformly throughout the year, 
protective grasses, shrubs, or trees develop (Leopold, et al. 
1964).‘3 Where rainfall occurs intermittently, as in arid 
areas, growth of protective plants is limited thus allowing 
unchecked erosion of soils. 

Wetting and drying cause swelling and shrinking of clay 
soils and leave the surface susceptible to entrainment in 
surface water flows. Suspended soil particle concentrations 
in rivers, therefore, are at their peak at the beginning of 
flood flows. Data on the concentration of suspended matter 
in most of the significant streams of the United States are 
presented in the U.S. Geological Survey Water Supply 
Papers. 

Streams transport boulders, rocks, pebbles, and sand by 
intermittent rolling motions, or by intermittent suspension 
and deposition as particles are entrained and later settled 
on the bed. Fine particles are held in suspension for long 
periods, depending on the intensity of the turbulence. Fine 
siit particles, when dispersed in fresh waters, remain almost 
continuously suspended, and suspension of dispersed clay 
mineral particles may be maintained even by the thermally 
induced motions in water. These fine mineral particles are 
the soil materials of greatest significance to the turbidity 
values of a particular water. 
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The suspended and settleable solids and the bed of a water 
body must be considered as interrelated, interacting parts. 
For example, Langlois (1941)” reported that in Lake Erie 
the average of 40 parts per million (ppm) of suspended 
matter in the water was found to change quickly to more 
than 200 ppm with a strong wind. He further explained 
that this increase is attributed to sediments resuspended by 
wave action. These sediments enter from streams or from 
shoreline erosion. 

Suspended clay mineral particles are weakly cohesive in 
fresh river waters having either unusually low dissolved salt 
concentrations or high concentrations of multivalent cations. 
Aggregations of fine particles form and settle on the bed to 
form soft fluffy deposits when such waters enter a lake or 
impoundment. However, clay mineral particles are dis- 
persed or only weakly cohesive in most rivers. 

EFFECTS O F  SUSPENDED PARTICLES IN WATER 

The composition and concentrations of suspended parti- 
cles in surface waters are important because of their effects 
on light penetration, temperature, solubility products, and 
aquatic life (Cairns 1968).” The mechanical or abrasive 
action of particulate material is of importance to the higher 
aquatic organisms, such as mussels and fish. Gills may be 
clogged and their proper functions of respiration and 
excretion impaired. Blanketing of plants and sessile animals 
with sediment as well as the blanketing of important 
habitats, such as spawning sites, can cause drastic changes 
in aquatic ecosystems. If sedimentation, even of inert 
particles, covers substantial amounts of organic material, 
anaerobic conditions can occur and produce noxious gases 
and other objectionable characteristics, such as low dis- 
solved oxygen and decreases in pH. 

Absorption of sunlight by natural waters is strongly 
atiected by the presence of suspended solids. The intensity 
of light ( I )  at any distance along a light ray (L)  is, for a 
uniform suspension, expressed by the formula: 

where Io is the intensity just below the water surface ( L  = 0), 



L 

.1 

k is the extinction coefficient for the suspended solids, and 
c is the concentration of suspended solids. L can be related 
to the water depth by the 'zenith angle, i, the angle of 
refraction, r, and the index of refraction of water, 1.33, by 
Snell's rule : 

sin i _ . ~ ~  . 
sin r = -  

1.33 

The depth, D, is Lcosr.  Refraction makes the light path 
more nearly vertical under water than the sun's rays, 
except when the sun's rays are themselves normal to the 
water surface. 

The growth of fixed and suspended aquatic plants can 
be limited by the intensity of sunlight. An example of the 
decrease in the photic zone was calculated for San Francisco 
Bay (Krone 1963),76 where k was 1.18X103 square centi- 
meters per gram. For a typical suspended solids concen- 
tration of 50X10-6 grams per cubic centimeter, for a n  
algae requiring 20 foot candles or more for its multipli- 
cation, and under incident sunlight of 13,000 foot candles 
the photic zone did not exceed 1.1 meters. .4 reduction in 
suspended solids concentration to 20 x g/cm3 increased 
the maximum depth of the photic zone to 2.8 meters. 

Because suspended particles inhibit the penetration of 
sunlight, water temperatures are affected, and increasing 
turbidity results in increasing absorption near the water 
surface so that turbid waters warm more rapidly at the 
surface than do clearer waters. Warming and the accom- 
panying decrease in density stabilize water and may inhibit 
vertical mixing. Lower oxygen transfer value from air to 
water results when surface waters are heated. This action 
combined with inhibited vertical mixing reduces the rate of 
"̂ ,5"' ------A- +---cf& ..-.. 1-..* r l n w n w a r r l .  _ -  .._-..  -- Still or slowly moviny water is 
m n c t  9 ffm-tprl 
l.."". ....-----. 

The rate of warming, d T / d t ,  at  any distance from the 
surface along a light path, L, in water having uniform 
suspended material is 

d T  Ikc - - I r c L  

-= di! -[zl 
where p is the water density and C is the specific heat of 
the water. This equation shows that an increase in suspended 
sediment concentration increases the rate of warming near 
the surface and decreases exponentially with depth. The 
biological significance of this relationship is in the effect on 
time of formation, vertical distribution of thermal stratifi- 
cation, and stability of the upper strata. Increasing tur- 
bidity could change the stratification patterns of a lake and 
thus change the temperature distribution, oxygen regime, 
and composition of the biological communities. 

ADSORPTION OF TOXIC MATERIALS 
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minerals may sorb cations, anions, and organic compounds. 
Pesticides and heavy metals may be absorbed on suspended 
clay particles and strongly held with them. The sorption 
of chemicals by suspended matter is particularly important 
if it leads to a buildup of toxic and radioactive materials 
in a limited area with the possibility of sudden release of 
these toxicants. One such example has been reported by 
Benoit et al. (1967).70 Gannon and Beeton (1969)75 reported 
that sediments with the following characteristics dredged 
from various harbors on the Great Lakes were usually toxic 
to various organisms: COD 42,000 mg/I, volatile solids 
4,000 mg/l, ammonia 0.075 mg/g, phosphate-P 0.65 mg/g. 

The capacity of minerals to hold dissolved toxic materials 
is different for each material and type of clay mineral. An 
example illustrates the magnitudes of sorptive capacities: 
the cation exchange capacity (determined by the number 
of negatively charged sites on clay mineral surfaces) ranges 
from a few milliequivalents per hundred grams (me/100 g) 
of mineral for kaolinite clay to more than 100 me/100 g for 
montmorillonite clay. Typical estuarial sediments, which are 
mixtures of clay, silt, and sand minerals, have exchange 
capacities ranging from 15 to 60 me/100 g (Krone 1963).76 
The large amounts of such material that enter many 
estuaries and lakes from tributary streams provide continu- 
ally renewed sorptive capacity that removes materials such 
as heavy metals, phosphorus, and radioactive ions. The 
average new sediment load flowing through the San Fran- 
cisco Bay-Delta system, for example, has a total cation 
exchange capacity of a billion equivalents per year. 

The sorptive capacity effectively creates the large assimi- 
lative capacity of muddy waters. A reduction in suspended 
mineral solids in surface waters can cause an increase in 
the concentrations of dissolved toxic materials contributed 
by existing vvasic d i d ~ c i i ~ ~ ~ .  

EFFECTS ON FISH AND INVERTEBRATES 

The surface of particulate matter may act as a substratum 
for microbial species, although the particle itself may or 
may not contribute to their nutrition. When the presence 
of particulate matter enable's the environment to support 
substantial increased populations of aquatic microorganisms, 
the dissolved oxygen concentration, pH, and other char- 
acteristics of the water are frequently altered. 

There are several ways in which an excessive concen- 
tration of finely divided solid matter might be harmful to 
a fishery in a river or a lake (European Inland Fisheries 
Advisory Commission, EIFAC 1965).73 These include : 

acting directly on fish swimming in water in which 
solids are suspended, either killing them or reducing 
their growth rate and resistance to disease; 

Suspended mineral particles have irregular, large surface 
areas, with electrostatic charges. As a consequence, clay 

0 preventing the successful developmen't of fish eggs 
and larvae; 
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0 modifying natural movements and migrations of fish; 
0 reducing the food available to fish; 
0 affecting efficiency in catching the fish. 

With respect to chemically inert suspended solids and to 
waters that are otherwise satisfactory for the maintenance of 
freshwater fisheries, EIFAC (1965)'s reported : 

0 there is no evidence that concentrations of suspended 
solids less than 25 mg/l have any harmful effects 
on fisheries; 

0 it should usually be possible to maintain good or 
moderate fisheries in waters that normally contain 
25 to 80 mg/l suspended solids; other factors being 
equal, however, the yield of fish from such waters 
might be somewhat lower than from those in the 
preceding category; 

0 waters normally containing from 80 to 400 mg/l 
suspended solids are unlikely to support good fresh- 
... r r a r e i  ^. 
be found at  the lower concentrations within this 
range; 

0 only poor fisheries are likely to be found in waters 
that normally contain more than 400 mg/l suspended 
solids. 

Xicrics, airnough fisheries may sometimes 

In  addition, although several thousand parts per million 
suspended solids may not kill fish during several hours or 
days exposure, temporary high concentrations should be 
prevented in rivers where good fisheries are to be main- 
tained. The spawning grounds of most fish should be kept 
as free as possible from finely divided solids. 

While the low turbidities reported above reflected values 
that should protect the ecosystem, Wallen ( I  95 I ) s o  reported 
that fish can tolerate higher concentrations. Behavioral 
reactions were not observed until concentrations of tur- 
bidity neared 20,000 mg/l, and in one species reactions did 
not appear until turbidities reached 100,000 mg/l. Most 
species tested endured exposures of more than 100,000 mg/l 
turbidity for a week or longer, but these same fishes finally 
died at turbidities of 175,000 to 225,000 mg/l. Lethal 
turbidities caused the death of fishes within 15 minutes to 
two hours exposure. Fishes that succumbed had opercular 
cavities and gill filaments clogged with silty clay particles 
from the water. 

In a study of fish and macroinvertebrate populations 
over a four-year period in a stream receiving sediment from 
a crushed limestone quarry, Gammon (1970)" found that 
; U ~ U L ~  ihar increased the suspended solids load less than 
40 mg/l (normal suspended solids was 38 to 41 mg/l and 
volatile suspended solids 16 to 30 mg/l) resulted in a 25 
per cent reduction in macroinvertebrate density in the 
stream below the quarry. A heavy silt input caused increases 
of more than 120 mg/l including some decomposition of 
sediment, and resulted in a 60 per cent reduction in density 

. - -. . . - 

of macroinvertebrates. Population diversity indices were 
unaffected because most species responded to the same 
degree. The standing crop of fish decreased dramatically 
when heavy sediment occurred in the spring; but fish re- 
mained in pools during the summer when the input was 
heavy and vacated the pools only after deposits of sediment 
accumulated. After winter floods removed sediment de- 
posits, fish returned to the pools and achieved levels of 50 
per cent of the normal standing crop by early June. 

Not all particulate matter affects organisms in the same 
way. For example, Smith, et al. (1965)79 found that the 
lethal action of pulp-mill fiber on walleye fingerlings 
(Stirostedion vilreurn viireurn) and fathead minnows (Pirnephales 
prornelas) was influenced by the type of fiber. In 96-hour 
bioassays, mortality of the minnows in 2,000 ppm suspen- 
sions was 78 per cent in conifer groundwood, 34 per cent 
in conifer kraft, and 4 per cent in aspen groundwood. High 
temperatures and reduced dissolved. oxygen concentrations 
increased the lethal acticr? ~f fiber. 

Buck (1956)" studied the growth of fish in 39 farm ponds 
having a wide range of turbidities. The ponds were cleared 
of fish and then restocked with largemouth black bass 
(Micropterus salrnoides), bluegill (Lepornis rnacrochirus), and 
redear sunfish (Lepornis rnicrolophus). After two growing 
seasons the yields of fish were: 

0 clear ponds (less than 25 mg/l 161.5 lb/acre 

0 intermediate (25-100 mg/l 94.0 Ib/acre 

0 muddy (more than. 100 mg/l 29.3 Ib/acre 

suspended solids) 

suspended solids) 

suspended solids) 

The rate of reproduction was also reduced by turbidity, 
and the critical concentration for all three species appeared 
to be about 75-100 mg/l. In the same paper, Buck reported 
that largemouth black bass (Micropterus salmoides), crappies 
(Pornoxis), and channel catfish (Ictaluruspunctotus) grew more 
slowly in a reservoir where the water had an average 
turbidity of 130 mg/l than in another reservoir where the 
water was always clear. 

Floating materials, including large objects as well as very 
fine substances, can adversely affect the activities of aquatic 
life. Floating logs shut out sunlight and interfere particularly 
with surface feeding fish. Logs may also leach various types 
of organic acids due to the action of water. If they have 
been sprayed with pe-,:ick!cs or ilcaied chemicaiiy, these 
substances may also leach into the water. As the logs float 
downstream their bark often disengages and falls to the 
bed of the stream, disturbing benthic habitats. Aquatic life 
is also affected by fine substances, such as sawdust, peelings, 
hair from tanneries, wood fibers, containers, scum, oil, 
garbage, and materials from untreated municipal and in- 
dustrial wastes, tars and greases, and precipitated chemicals. 
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Recommendations 0 Aquatic communities should be protected if the 
following maximum concentrations of suspended 
solids exist: 0 The combined effect of color and turbidity should 

not change the compensation point more than 
10 per cent from its seasonally established norm, High level of protection 25 mg/l 
nor should such a change place more than 10 . Moderate protection 80 mg/l 
per cent of the biomass of photosynthetic orga- Low level of protection 400 mg/l 
nisms below the compensation point. Very low level of protection over 400 mg/l 



The true color of a specific water sample is the result of 
substances in solution; thus it can be measured only after 
suspended material has been removed. Color may be of 
organic or mineral origin and may be the result of natural 
processes as well as manufacturing operations. Organic 
sources include humic materials, peat, plankton, aquatic 
piants, ana  tannins. inorganic substances are largely me- 
tallic, although iron and manganese, the most important 
substances, are usually not in solution. They affect color as 
particles. Heavy-metal complexes are frequent contributors 
to the color problem. 

Many industries (such as pulp and paper, textile, refining, 
chemicals, dyes 'and explosives, and tanning) discharge 
materials that contribute to the color of water. Conventional 
biological waste treatment procedures are frequently in- 
effective in removing color. O n  the other hand, such treat- 
ment processes have caused an accentuation of the level 
of color during passage through the treatment plant. 
Physicochemical treatment processes are frequently pre- 
ferable to biological treatment if color removal is critical 
(Eye and Aldous 1968,*' King and Randall 197OS3). 

The  tendency for an  accentuation of color to occur as a 
result of complexing of a heavy metal with an organic sub- 
stance may also lead to problems in surface waters. A rela- 
tively color-free discharge from a manufacturing operation, 
may, upon contact with iron in a stream, produce a highly 
colored water that would significantly affect aquatic life 
(Hem 1960,82 Stumm and Morgan 196286). 

The  standard platinum-cobalt method of measuring color 
is applicable to a wide variety of water samples (Standard 

Methods 197 However, industrial wastes frequently 
produce colors dissimilar to the standard platinum-cobalt 
color, making the comparison technique of limited value. 
The  standard unit of color in water is that level produced 
by 1 mg/l of platinum as chloroplatinate ion (Standard 
Methods 1971).85 Natural color in surface waters ranges 
from less than one color unit to more than 200 in highly 
colored bodies of water (Nordell 1961).84 

That  light intensity at which oxygen production in photo- 
synthesis and oxygen consumption by respiration of the 
plants concerned are equal is known as the compensation 
point, and the depth at which the compensation point oc- 
curs is called the compensation depth. For a given body of 
water this depth varies with several conditions, including 
season, time of day, the extent of cloud cover, condition of 
the water, and the taxonomic composition of the flora in- 
volved. A s  commonly used, the compensation point refers 
to that intensity of light which is such that the plant's 
oxygen production during the day will be sufficient to 
balance the oxygen consumption during the whole 24-hour 
period (Welch 1952).87 

Recommendation 

The combined effect of color and turbidity should 
not change the compensation point more than 10 
per cent from its seasonally established norm, nor 
should such a change place more than 10 per cent 
of the biomass of photosynthetic organisms below 
the compensation point. 
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DISSOLVED OXYGEN 

Oxygen requirements of aquatic life have been extensively 
studied. Comprehensive papers have been presented by 
Doudoroff and Shumway (1967),89 Doudoroff and Warren 
(1965),01 Ellis (1937),0a and Fry (1960).g4 (Much of the 
research on temperature requirements also considers oxygen, 
and references cited in the discussion of Heat and Temper- 
ature, p. 151, are relevant here.) The most comprehensive 
review yet to appear has been written by Doudoroff and 
Shumway for the k'ood and Agriculture Organization 
(FAO) of the United Nations (1970)." This F A 0  report 
provides the most advanced summary of scientific research 
on oxygen needs of fish, and it has served as a basis for most 
of the recommendations presented in this discussion. In  
particular, it provided the criteria for citing different levels 
of protection for fish, for change from natural levels of 
oxygen concentration, and for the actual numerical values 
recommended. Much of the text below has been quoted 

&ticns have heen mndified in only two ways: the insertion 
of a floor of 4 mg/l as a minimum, and the suggestion that 
natural minima be assumed to be equal to saturation 
levels if the occurrence of lower minima cannot be definitely 
established. Doudoroff and Shumway covered oxygen con- 
centrations below the floor of 4 mg/l; however, the 4 mg/l 
floor has been adopted in this report for reasons explained 
below. 

levels of Protection 

Most species of adult fish can survive a t  very low concen- 
trations of dissolved oxygen. Even brook trout (Salvelinus 
fonfinalis) have been acclimated in the laboratory to less 
than 2 mg/l of 0 2 .  In  natural waters, the minimum concen- 
tration that allows continued existence of a varied fish 
fauna, including valuable food and game species, is not 
high. This minimum is not above 4 mg/l and may be much 
lower. 

However, in evaluating criteria, it is not important to 
know how long an animal can resist death by asphykiation 
at  low dissolved oxygen concentrations. Instead, data on 
the oxygen requirements for egg development, for newly 

----I--&:- -- ---A--c-A C r n m  the F A 0  rppnrt i t s  recornmen- "C,  "LL L.... Y. .,".I-.,.."-- -_---- _.._ - --- - -. _. 

hatched larvae, for normal growth and activity, and for 
completing all stages of the reproductive cyclc are pertinent. 
Upon review of the available research, one fact becomes 
clear: uny reduction of dissolved oxygen can reduce the 
efficiency of oxygen uptake by aquatic animals and hence 
reduce their ability to meet demands of their environment. 
There is evidently no concentration level or percentage of 
saturation to which the 0 2  content of natural waters can 
be reduced without causing or risking some adverse effects 
on the reproduction, growth, and consequently, the pro- 
duction of fishes inhabiting those waters. 

Accordingly, no single, arbitrary recommendation can 
be set for dissolved oxygen concentrations that will be 
favorable for all kinds of fish in all kinds of waters, or even 
one kind of fish in a single kind of water. Any reduction in 
oxygen may be harmful by affecting fish production and 
the potential yield of a fishery. 

The selection of a level of protection (Table 111-3) is a 
socioeconomic decision, not a biological one. Once the 
ievei of protcciiuil ib ~ C ; C Z ~ Z ~ ,  zpp~~prk:: z::ez::fic XCCII?- 

mendaiiulls fiiay be de$v-cd :'.e pyitpyiz nrecenterl in 
this discussion. 

. .  
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Basis for Recommendations 

The decision to base the recommendations on 0 2  con- 
centration minima, and not on average concentrations, 
arises from various considerations. Deleterious effects on 
fish seem to depend more on extremes than on averages. 
For example, the growth of young fish is slowed markedly 
if the oxygen concentration falls to 3 mg/l for part of the 
day, even if it rises as.high as 18 mg/l a t  other times. I t  
could be an  inaccurate and possibly controversial task to 
carry out the sets of measurements required to decide 
whether a criterion based on averages was being met. 

A daily fluctuation of 02 is to be expected where there is 
appreciable photosynthetic activity of aquatic plants. In  
such cases, the minimum 02 concentration will usually be 
found just before daybreak, and sampling should be done 
a t  that time. Sampling should also take into account the 
possible differences in depth or width of the water body. 
The  guiding principle should be to sample the places where 
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aquatic organisms actually live or the parts of the habitat 
where they should be able to live. 

Before recommendations are proposed, it is necessary to 
evaluate criteria for the natural, seasonal O2 minimum 
from which the recommendations can be derived. Natural 
levels are assumed to be the saturation levels, unless scien- 
tific data show that the natural levels were already low in 
the absence of man-made effects. 

Certain waters in regions of low human populations can 
still be adequately studied in their natural or pristine con- 
dition. In  these cases the minimum 0 2  concentration at  
different seasons, temperatures, and stream discharge vol- 
umes can be determined by direct observation. Such ob- 
served conditions can also be useful in estimating seasonal 
minima in similar waters in similar geographical regions 
where natural levels can no longer be observed because of 
waste discharges or other man-made changes. 

In  many populated regions, some or all of the streams 
and lakes have been altered. Direct determination of 
natural minima may no longer he poqqih!?. ZI? these czses 
the assumption of year-round saturation with 0 2  is made 
in the absence of other evidence. 

Supersaturation of water with dissolved oxygen may 
occur as the result of photosynthesis by aquatic vegetation. 
There is some evidence that this may be deleterious to 
aquatic animals because of gas bubble disease (see Total 
Dissolved Gases, p. 135). 

Despite the statements in previous paragraphs that there 
is no single 0 2  concentration which is favorable to all species. 
and ecosystems, it is obvious that there are, nevertheless, 
very low 0 2  concentrations that are unfauorable to almost 
all aquatic organisms. Therefore, a floor of 4 mg/l is 
recommended except in situations where the natural level 
of dissolved oxygen is less than 4 mg/l in which case no 
further depression is desirable. The value of 4 mg/l has 
been selected because there is evidence of subacute or 
chronic damage to several fish below this concentration. 
Doudoroff and Shumway (1970)80 review the work of 
several authors as given below, illustrating such damage. 
Fathead minnows (Pirnephales promelas) held a t  4 mg/l 
spawned satisfactorily; only 25 per cent of the resultant 
fry survived for 3 0  days, compared to 66 per cent survival 
a t  5 mg/l. At an oxygen level of 3 mg/l, survival of fry 
was even further reduced to 5 per cent (Brungs 1972’O’ 
personal communication). Shumway et al. ( 1964)98 found that 
the dry weight of coho salmon (Oncorhynchus kisufch) alevins 
(with yolk sac removed) was reduced by 59 per cent when 
they had been held a t  3.8 mg/l of oxygen, compared to 
weights of the rnntynl:. The c m h r y ~  ef shxgec:: I \---r-**- A*A*---’ I 

suffered complete mortality a t  oxygen concentrations of 
3.0 to 3 . 5  mg/I, compared to only 18 per cent mortality a t  
5.0 to 5.5 mg/l (Yurovitskii 1964).Im Largemouth bass 
(Micropferus salrnoides) embryos reared a t  25 C showed sur- 
vival equal to controls only a t  oxygen levels above 3.5 mg/l 
(Dudley 1969).% Efficiency of food conversion by juvenile 

bass was nearly independent of 0 2  a t  5 mg/l and higher, 
but growth rate was reduced by 16.5 per cent a t  4 mg/l, 
and 3 0  per cent a t  3 mg/l (Stewart et al. 1967).98 Similar 
reductions in growth of underyearling coho salmon oc- 
curred a t  the same 0 2  concentrations (Herrmann et al. 
1962).95 Although many other experiments have shown 
little or no damage to performance of fish at  4 mg/l, or 
lower, the evidence given above shows appreciable effects 
on embryonic and juvenile survival and growth for several 
species of fish sufficient to justify this value. 

Warm- and Coldwaver Fishes 

There are many associations and types of fish fauna 
throughout the country. Dissolved oxygen criteria for cold- 
water fishes and warmwater game fishes are considered 
together in this report. There is no evidence to suggest 
that the more sensitive warmwater species have lower 0 2  

requirements than the more sensitive coldwater fishes. The 
difference in 0 2  requirements is probably not greater than 
the diEerec~e cf :he :~!~! i ! iq  of 0 2  iii w ~ t e t  ~i iiic maxi- 
mum temperatures to which these two kinds of fish are 
normally exposed in summer (Doudoroff and Shumway 
1970).80 In  warmwater regions, however, the variety of 
fishes and fish habitats is relatively great, and there are 
many warmwater species that are exceedingly tolerant of 
O2 deficiency. 

Unusual Wavers 

There are certain types of waters that naturally have low 
oxygen content, such as the “black waters” draining swamps 
of the Southeastern United States. (Other examples include 
certain deep ocean waters and eutrophic waters that support 
heavy biomass, the respiration of which reduces 0 2  content 
much of the time.) A special situation prevails in the deep 
layers (hypolimnion) of some lakes. Such layers do  not mix 
with the surface layers for extended periods and may have 
reduced 0 2 ,  or almost none. Fish cannot live in the deep 
layers of many such lakes during a large part of the year, 
although each lake of this kind must be considered as a 
special case. However, the recommendation that no oxygen- 
consuming wastes should be released into the deep layers 
still applies, since there may be no opportunity for reaeration 
for an  entire season. 

Organisms Other Than Fish 

Most research concerning oxygen requirements for fresh- 
water organisms deals with fish; but since fish depend upon 
other aquatic species for food, it is necessary to consider 
:he c), ;cqiiiiem+iiG ol’ iiicsc: organisms. I nis Section makes 
the assumption that the O2 requirements of other compon- 
ents of the aquatic community are compatible with fish 
(Doudoroff and Shumway 1970).80 There are certain excep  
tions where exceedingly important invertebrate organisms 
may be very sensitive to low 0 2 ,  more sensitive than the fish 
species in that habitat (Doudoroff and Shumway 1970).w 
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The situation is somewhat more complicated for inverte- 
brates and aquatic plants, inasmuch as organic pollution that 
causes reduction of 0 2  also directly increases food material. 
However, it appears equally true for sensitive invertebrates 
as for fish that m y  reduction of dissolved O2 may have de- 
leterious effects on their production. For example, Nebeker 
(1972)Q’ has found that although a certain mayfly (Ephemera 
simulans) can survive a t  4.0 mg/l of oxygen for four days, 
any reduction of oxygen below saturation causes a decrease 
in successful transformation of the immature to the adult 
stage. - .~ - - - - 

Salmonid Spawning 

For spawning of salmonid fishes during the season when 
eggs are in the gavel,  there are even greater requirements 
for O2 than those given by the high level of protection. 
(See Table I113 for description of levels.) This is because 
the water associated with the gravel may contain less oxygen 
than the water in the stream above the gravel. There is 
abundant evidence that salmonid eggs are adversely affected 
in direct proportion to reduction in OS. The oxygen criteria 
for eggs should be about half way between the nearly 
maximum and high levels of protection. 

TABLE 111-3-Guidelines for Selecting Desired Type and 
Level of Protection of Fish Against Deleterious Effects of 

Reduced Oxygen Concentrations 

Lsrtlol protection lnbnded typa of protection Posdbls application 

High ............... 

Modcrab.. . . . . . . . . . 

La.. . . . . . . . . . . . . . . 

For rirlually unimpircd productirity I n d  
unchanlrd quality ot I nmw. 

Not lihaly to cause apprecirbls clungs in 
mS msyrlam. na nuttrial reduction 01 
flsh production. Some impairment is 
riskcd, but appntirbls drmge is not to 
be expected d them lards d 01)gEU. 

F f a  u w t d  parust. uuufiy rrim no 
csrious impairment btlt with soma do. 
uan in produstion. 

Sbould pumil Vn prudence 01 t s l b l e  
ppubtions ol toknnl @e$ and sue- 
d u l  parule d mmt m i p n t r b .  Much 
nduod production I slimimtion of nn- 
riti~l nrh IS tiw. 

Dissolved Gases/ 133 

Interaction with Toxic Pollutants or Other Environmental 
Factors 

I t  is known that reduced oxygen levels increase the 
toxicity of pollutants. A method for predicting this inter- 
action has been given by Brown (1968),a and a theoretical 
background by Lloyd (1961).8e The  disposal of toxic pol- 
lutants must be controlled so that their concentrations will 
not be unduly harmful a t  prescribed acceptable levels of 
0 2 ,  temperature, and pH. The levels of oxygen recom- 
mended in this Section are independent of the presence of 
taxic wastes,-no-matter what the-nature-of the-interaction 
between these toxicants and 0 2  deficiencies. Carbon dioxide 
is an exception, because its concentration influences the 
safe level of oxygen. The recommendations for 0 2  are 
valid when the COS concentration is within the limits 
recommended in the section on CO2. 

Application of Recommendations 

As previously stated, the recommendations herein differ 
in two important respects from those widely used. First, 
they are not fixed values independent of natural conditions. 
Second, they offer a choice of different levels of protection 
of fishes, the selection of any one of which is primarily a 
socioeconomic decision, not a biological one. 

Table 111-4 presents guidelines for the protection of 
fishes at  each of four levels. Each column shows the level 
to which the dissolved O2 can be reduced and still provide 
the stated level of protection for local fisheries. The values 
can be derived from the equations given in the recommen- 
dations. These equations have been calculated to fit the 
curves shown in the figure on page 264 of Doudoroff and 

L I I C I I U ~ L ~ U ~ ~ ~ .  To iise Tab!e !I!+, the estimated natural 
seasonal minimum should first, be determined on the basis 
of available data or from expert judgment. This may be 
taken to be the minimum saturation value for the season, 
unless there is scientific evidence that losses of 0 2  levels 
prevailed naturally. The word “season” here means a 
period based on local climatic and hydrologic conditions, 
during which the natural thermal and dissolved 0 2  regime 
of a stream or lake can be expected to be fairly uniform. 
Division of the year into equal three-month periods, such 
as December-February, March-May, is satisfactory. How- 
ever, under special conditions, the designated seasons could 
be periods longer or shorter than three months, and could 
in fact be taken as individual months. The selected periods 
need not be equal in length. 

When the lowest natural value for the season has been 
estimated, the desired kind and level of protection should 
then be selected according to the guidelines in Table 111-3. 
The recommended minimum level of dissolved oxygen may 
then be found in the selected column of Table 1114, or as 
given by the formula in the recommendation. 

m .  
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TABLE ZZZ-4-Example of Recommended Minimum 
Concentrations of Dissolved Oxygen 

wmatcd natural 
Ygsnml minimum 
mnmatntion d 
oqgon in mtcr 

5 
6 
7 
0 
9 
10 
12 
14 

Raommondcd minimum mmnbstiom d 0; lm 
EonmFDndiq Iompratmo d solalod h l r  protalion 
oqgon-atnralal trod mtcr 

W o a f l q  High MDdcnlo Lort 
madmal 

( 0 )  (0 )  5 4.7 4.2 4.0 
W a )  (115FXa) 6 5.6 4.0 4.0 
36C (98.OF) 7 6.4 5.1 4.0 
27.5C (01.5F) 0 7.1 5.0 4.1 
2lC (69.00 9 1.7 6.2 4.5 
16C (W.OF) 10 0.2 6. I 4.6 
7.7c (45.90 12 0.9 6.0 4.0 
1.5C (34.70 14 9.1 6.0 4.9 

4 lududcd lo mva tratos lhal MO naturally romwhat donrionl in Or A etnration nluo ol5 mn/l mip ha 
found in warm @si m ro). wlino mlmr A wtuntion valuo 01 6 mn/l aould am@ to warm wa mtm (32 CP 

Nolo: Tho dosirad kind and bwl ol polortion d I @ n o  budy of mlm rhwld flnl bo wlcctod (auas hnad d 
QbbX Tho ostimatcd ~gsnnal minimumcomntntion of dissolwd oqgon unda natural conditions should lhon ha 
dolorminod on lho barisd anilabb data. and loetod io Vn loft hand column 01 tho labla Tho rrmmmondod mini- 
mnm mnmntration d oqgon lor lho wason is lhon lakon lrom tho tablo. All valum aro in milligrams 01 01 pa 
tcr. Value Im natural mmaI minim OW lhan Born lisW ai0 dwn by lho formula and qualiflolions in lka 

talion on raommoudatiom 

W Q  

Examples 

0 I t  is desired to give moderate protection to trout 
(Saluelinus fontinah) in a small stream during the 
summer. The maximum summer temperature is 20 C 
(68 F); the salt content of the water is low and has 
negligible effect on the oxygen saturation value. The 
atmospheric pressure is 760 millimeters (mm) Hg. 
Oxygen saturation is therefore 9.2 mg/l. This is as- 
sumed to be the natural seasonal minimum in the 
absence of evidence of lower natural concentrations. 
Interpolating from Table 111-4 or using the recom- 
mended formula, reveals a minimum permissible con- 
centration of oxygen during the summer of 6.2 mg/l. 
If a high level of protection had been selected, the 
recommendation would have been 7.8 mg/l. A low 
level of protection, providing little or no protection 
for trout but some for more tolerant fish, would require 
a recommendation of 4.5 mg/l. Other recommen- 
dations would be calculated in a similar way for other 
seasons. 
0 I t  is decided to give moderate protection to large- 
mouth bass (M icroptnus  salrnoides) during the summer. 
Stream temperature reaches a maximum of 35 C 
(95 F )  during summer, and lowest seasonal saturation 
value is accordingly 7.1 mg/l. The recommendation 
for minimum oxygen concentration is 5.4 mg/l. 
0 For low protection of fish in summer in the same 
stream described above (for largemouth bass), the 
recommendation would be 4.0 mg/l, which is also the 
floor value recommended. 
0 I t  is desired to protect marine fish in full-strength 
sea water (35 parts per thousand salinity) with a maxi- 
mum seasonal temperature of 16 C (61 F): The satu- 
ration value of 8 mg/l is assumed to be the natural dis- 
solved oxygen minimum for the season. For a high level 
of protection, the recommendation is 7.1 mg/l, for a 
moderate level of protection it is 5.8 mg/l, and for a 
low level of protection it is 4.3 mg/l. 

I t  should be stressed that the recommendations are the 
minimum values for any time during the same season. 

Recommendations 

(a) For nearly maximal protection of fish and 
other aquatic life, the minimum dissolved oxygen 
in any season (defined previously) should not be 
less than the estimated natural seasonal minimum 
concentration (defined previously) characteristic of 
that body of water for the same season. In esti- 
mating natural minima, it is assumed that waters 
are saturated, unless there is evidence that they 
were lower in the absence of man-made influences. 

(b) For a high level of protection of fish, the 
minimum dissolved oxygen concentration in any 
season should not be less than that given by the 
following formula i.n which M = the estimated 
natural seasonal minimum concentration char- 
acteristic of that body of water for the same season, 
as aualified in (a): 

' 

Criterion*= P.41M -0.0476MZ-1.11 

(c) For a moderate level of protection of fish, the 
minimum dissolved oxygen concentration in any 
season should not be less than is given by the 
following formula with qualifications as in (b) : 

Criterion* = 1.08M-0.0415MZ-0.202 

(d) For a low level of protection of fish, the 
minimum Q2 in any season should not be less than 
given by the following formula with qualifications 
as in (b): 

Criterion* = 0.674M -0.0264M2+0.577 
(e) A floor value of 4 mg/l is recommended except 

in those situations where the natural level of dis- 
solved oxygen is less than 4 mg/l, in which case no 
further depression is desirable. 

( f )  For spawning grounds of salmonid fishes, 
higher Os levels are required as given in the follow- 
ing formula with qualifications as in (b): 

Criterion* = 1.19M -0.0242Mz-0.418 
(g) In stratifid eutrophic and dystrophic lakes, 

the dissolved oxygen requirements may not apply 
to the hypolimnion and such lakes should be con- 
sidered on a case by case basis. In other stratified 
lakes, recommendations (a), (b), (c), and (d) apply; 
and if the oxygen is below 4 mg/l, recommendation 
(e) zppki .  Iii iiiiStiatiE& iakeu recornmendations 
apply to the entire circulating water mass. 

(i) All the foregoing recommendations apply to 
all waters except waters designated as mixing zones 

O All values arc instantaneous, and final value should be exprcsscd 
to two significant figures. 

0 
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(see section on Mixing Zones p. 112). In locations 
where supersaturation occurs, the increased levels 
of oxygen should conform to the recommendations 
in the discussion of Total Dissolved Gases, p. 139. 

TOTAL DISSOLVED GASES (SUPERSATURATION)- 

Excessive total dissolved gas pressure (supersaturation) is 
a relatively new aspect of water quality. Previously, super- 
saturation was believed to be a problem that was limited to 
the water supplies of fish culture facilities (Shelford and 
Allee-l913).'3SLindroth ( 1957)IzG reported that spillways 
at  hydroelectric dams in Sweden caused supersaturation, 

_ _  
pendently 6f5ll othFf-gases;-and when at-equilibrium with- 

Each component gas in air exerts a measurable pressure, 
and the sum of these pressures constitutes atmospheric or 
barometric pressure, which is equivalent per unit of surface 
area at  standard conditions to a pressure exerted by a 
column of mercury 760mm high or a column of water 
about 10 meters high (at sea level, excluding water vapor 
pressure). The pressure of an individual gas in air is called 
a partial pressure, and in water it is called a tension; both 
terms are an acknowledgement that the pressure of an indi- 
vidual gas is only part of the total atmospheric pressure. 
Likewisc, each component gas will dissolve in water inde- 

and iecently Ebel (1969)Il2 and Beiningen andEbel ( 1968)Io3 
established that spillways at  dams caused gas bubble disease 
to be a limiting factor for aquatic life in the Columbia and 
Snake Rivers. Renfro ( 1 9 6 3 p  and others reported that 
excessive algal blooms have caused gas bubble disease in 
lentic water. DeMont and Miller ( z n  press)110 and Malous 
et  al. (1972)12' reported gas bulible disease among fish and 
mollusks living in the heated effluents of steam generating 
stations. Therefore, modified dissolved gas pressures as a 
result of dams, eutrophication, and thermal discharges 
present a widespread potential for adversely affecting fish 
and aquatic invertebrates. Gas bublde disease has been 
studied frequently since Gorham ( 1898,119 1899'?O) pub- 
lished his initial papers, with the result that general knowl- 
edge of the causes, consequences, and adverse levels are 
adequate to evaluate criteria for this water quality char- 
acteristic. 

Gas bubble disease is caused by excessive total dissolved 
gas pressure but it  i s  not caused by the dtssohed nilrogen pas  
alone (Marsh and Gorham 19O4,lz8 Shelford and Allee 
1913,135 Englehorn 1943,lIs Harvey et  al. 1944a,Iz1 Doudoroff 
1957,"l Harvey and Cooper 1962).Iz3 Englehorn ( lY43)"; 
analyzed the gases contained in the bubbies that were 
formed in fish suffering from gas bubble disease and found 
that their gas composition was essentially identical to air. 
This was confirmed by Shirahata (1966).136 

Etiologic Factors 

Gas bubble disease (GBD) results when the uncompen- 
sated total gas pressure is greater in the water than in the 
air, but several important factors influence the etiology of 
GBD. These factors include : exposure time and physical 
factors such as hydrostatic pressure; other compensating 
forces and biological factors such as species or life stage 
tolerance or levels of activity; and any other factors that 
influence gas solubility. Of these factors perhaps none are 
more commonly misunderstood than the physical roles of 
total dissolved gas pressure* and hydrostatic pressure. The  
following discussion is intended to clarify these roles. 

In this Section gas tension will be called gas pressure and total 
gas tension will bc called total dissolved gas pressure (TDGP). This 
is being done as a descriptive aid to readers who are not familiar with 
the terminology and yet need to convey these principles to laymen. 

the air, the pressure (tension) of a specific dissolved gas is 
equivalent to its partial pressure in the air. This relationship 
is evident in Table 111-5 which lists the main constituents 
of dry air and their approximate partial pressurcs at sea 
level. 

When supersaturation occurs, the diffusion pressure im- 
balance between the dissolved gas phase and thc atmos- 
pheric phase favors a net transfer of gases from thc water to 
the air. Generally this transfer cannot be accomplished fast 
enough by diffusion alonc to prevent thc formation of gas 
bubbles. However, a gas I~ublilc cannot form in the water 
unless gas nuclei are present (Evans and \\'alder 1969,IlG 
Harvey et at. 194419??) and unless the total dissolwd gas 
pressure exceeds the sum of the compensating prcssures such 
as hydrostatic pressure. Additional compensating pressures 
include blood pressure and viscosity, and thcir benefits 
may be significant. 

Gas nuclei are prol~aldy unavoidalilc in surfacc water 
or in animals, because such nuclei are generated IJY any 
factor which decreases gas soluhility, and Iiecause extreme 
measures are required to dissolve gas nuclei (Evans and _.. \yaidt-r i ~ ~ ~ ; ~ ! f .  I-:&, ,,q- t; a!. :3$$!;).12? T h e r e f ~ r p  hwrlrn- , ", -. - 
s id i i i  ,ji.css"i< is a maj,;zr prever!tivp f ~ t n r  in gas l ~ i ~ l d d e  
disease. 

The effect of hydrostatic pressure is to oppose gas h b b l e  
formation. For example, one cannot blow a l~ul~l i lc  out of 
a tube immersed in water until the gas pressure in the tube 
slightly exceeds the hydrostatic pressure at the end of the 
tube. Likewise a bubble cannot form in water, blood, or 

TABLE III-5-Composition of Dry Air and Partial Pressures 
of Selected Gases a t  Sea Level 

61s Molauubra pm8nb;e limes ahmpheric pressure Individual garb prossure in air of 
in dry air n l e r  a l  w lave1 

W x  ........... 78.084 x 1 6 0  mm HI 4 9 3 . 4 3 8  mmH; 
Or ...... . . . . . 20.846 159.189 " 

C O l  ...... .. .. 0.033 0.250 " 

We ..... , _.  ... o.mi8i 0.0118 " 

HE ..... .... . . O.ooO62 0.0039 " 

AI........... 0.Bu 7.091 1, 

159.9921 mm H[ 
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tissue until the total gas pressure therein exceeds the sum of 
atmospheric pressure (760mm Hg) plus hydrostatic pressure 
plus any other restraining forces. This relationship is 
illustrated in Figure 111-1 which shows, for example, that 
gas bubbles could form in fresh water to a depth of about 
one meter when the total dissolved gas pressure is equal to 
1.10 atmospheres; but they could not form below that 
point. 

Excessive total dissolved gas pressure relative to ambient 
atmospheric pressure, therefore, represents a greater threat 
to aquatic organisms in the shallow but importantly pro- 
ductive littoral zone than in the deeper sublittoral zone. 
For example, if fish or their food organisms remain within a 
meter of the surface in water having a total dissolved gas 
pressure of 1.10 atmospheres, they are theoretically capable 
of 'developing gas bubble disease, especially if their body 
processes further decrease gas solubility by such means as 
physical activity, metabolic heat, increased osmolarity, or 
decreased blood pressure. 

Hydrostatic pressure only opposes bubble formation ; it 
does got decrease the kinetic energy of dissolved gas mole- 
cules except at extreme pressures. If this were not the case, 
aerobic animal life would be eliminated at or below a water 
depth equivalent to the pressure of oxygen, because there 
would be no oxygen pressure to drive 0 2  across the gill 
membrane and thence into the blood. For a more detailed 
discussion of this subject, the reader is referred to Van 
Liere and Stickney's ( 1963)138 and Randall's ( 1970a)131 
excellent reviews. 

Gar Bubblcr .\lay Form 

I .oo 1.10 I .?O 1.30 I .40 I .SO 

' l ' < ~ t , ~ l  I)icvilvcd Car Presnirc i t 1  :\irn#isphrrcs 

FIGURE Ill-1-Relationship af Total Dissolved Gas Pressure 
to Hydrostatic Pressure in Preventing Gas Bubble Formation 

A final example will clarify the importance of total dis- 
solved gas pressure. Eutrophic lakes often become super- 
saturated with photosynthetic dissolved oxygen, and such 
lakes commonly approach (or exceed) 120 per cent of 
saturation values for oxygen. But this only represents an 
additional dissolved gas pressure of about 32mm Hg 
(02= 159.19 mm HgX0.2=31.83 mm Hg) which equals: 

= 1.041 atmospheres of total 
760 mm Hg+31.83 mm Hg 

dissolved gas pressure 760 mm Hg ' 

This imbalance apparently can be compensated in part by 
metabolic oxygen consumption, blood pressure, or both. 
On  the other hand, a 1,000-fold increase in the neon 
saturation level would only increase the total dissolved gas 
pressure by about 1.8 mm Hg or: 

1.8 mm Hg+ 760 mm Hg 
760 mm Hg 

= 1.002 atmospheres 

This would not cause gas hiihh1.P dir~zsp. 
The opposite situation can occur in spring water, where 

dissolved oxygen pressure is low and dissolved nitrogen and 
other gas pressures are high. In an actual case (Schneider 
personal cornrni~nication),~~~ dissolved nitrogen was reported to 
be 124 per cent of its air saturation value, whereas oxygen 
was 46 per cent of its air saturation value; total gas pressure 
was 1.046 of dry atmospheric pressure. Fish were living in 
this water, and although they probably suffered from 
hypoxia, they showed no symptoms of gas bubble disease. 

How dissolved gases come out of solution and form 
bubbles (cavitate) is a basic physical and physiological 
topic which is only summarized here. Harvey et al. ( 1  944b)ln 
determined that bubble formation is promoted by boundary 
zone or surface interfaces which reduce surface tension and 
thereby decrease the dissolved gas pressure required for 
cavitation. For this reason, one usually sees gas bubbles 
forming first and growing fastest on submersed interfaces, 
such as tank walls, sticks, or the external surfaces of aquatic 
life. 

Gas nuclei are apparently required for bubble formation, 
and these are considered to be ultra micro bubbles (Evans 
and CValder 1969).Il6 These nuclei apparently represent an 
equilibrium between the extremefy high compressive energy 
of surface tension and the pressure of contained gases. Lack 
of gas nuclei probably accounts for instances when extremely 
high but uncompensated dissolved gas pressures failed to 
cause bubble formation (Pease and Blinks 1947,I3O Hem- 
mingsen 1970).124 Gas nuclei are produced by anything that 
decreases _cas nnliihility er sr?rfzz tezcior: (Hz.r;-cy ct d. 
1944b,lZ Hills 1967,125 Evans and Walder 1969)Il6 and they 
can be eliminated at least temporarily by extremely high 
pressure which drives them back into solution (Evans and 
Walder 1969).Il6 

Possible causes of gas nuclei formation in organisms in- 
clude negative pressures in skeletal or cardiac muscle during 



I 

I -  

1 
I 

pronounced activity (Whitaker et al. 1945),I4I eddy currents 
in the blood vascular system, synthetic or biologically pro- 
duced surface-active compounds, and possible salting-out 
effects during hemoconcentration (as in saltwater adap- 
tation). Once a bubble has formed, it grows via the diffusion 
of all gases into it. 

Many factors influence the incidence and severity of gas 
bubble. disease. For example, the fat content of an animal 
may influence its susceptibility. This has not been studied 
in fish, but Boycott and Damant ( 1908),’06 Behnke (1942),1°? 
and Gersh et al. (1944)”’ report that fat mammals are 
more susceptible than lean mammals to the “bends” in 
high-altitude decompression. This may be particularly sig- 
nificant to non-feeding adult Pacific salmon which begin 
their spawning run with considerable stored fat. This may 
also account in part for differences in the tolerances of 
different age groups or fish species. Susceptibility to gas 
bubble disease is unpredictable among wild fish, particularly 
when they are free to change their water depth and level of 
activity. 

Gas Bubble Disease Syndrome and Effects 

Although the literature documents many occurrences of 
gas bubble disease, data are usually missing for several 
important physical factors, such as hydrostatic pressure, 
barometric pressure, relative humidity, salinity, temper- 
ature, or other factors leading to calculation of total dis- 
solved gas pressure. The most frequently reported parameter 
has been the calculated dissolved nitrogen (N?) conccn- 
tration or its percentage saturation from which one can 
estimate the pressure of inert gases. Thus the reported N? 
values provide only a general indication of the total dis- 
solved gas pressure, which unfortunately tends to convey 
the erroneous concept that Nf is the instigative or oniy sig- 
nificant factor in gas bubble disease. 

Gas bubbles probably form first on the external surfaces 
of aquatic life, where total hydrostatic pressure is least and 
where an interface exists. Bubbles within the body of ani- 
mals probably form later a t  low dissolved gas pressures, 
because blood pressure and other factors may provide ad- 
ditional resistance to bubble formation. However, a t  high 
dissolved gas pressure (> 1.25 atm) bubbles in the blood 
may be the first recognizable symptom (Schneider personal 
cornrnunic~tion).’~~ In  the case of larval fishes, zooplankton, 
or other small forms of aquatic life, the effect of external 
bubbles may be a blockage of the flow of water across the 
gills and asphyxiation or a change in buoyancy (Shirahata 
1966).laa The latter probably causes additional energy 
expenditure or floatation, causing potentially lethal exposure 
to ultraviolet radiation or potential predation. 

The  direct internal effects of gas bubble disease include a 
variety of symptoms that appear to be related primarily to 
the level of total dissolved gas pressure, the exposure time, 
and the in vivo location of lowest compensatory pressure. 
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The following is a rtsumt of Shirahata’s (1966)’36 results. 
As the uncompensated total dissolved gas pressure-increases, 
bubbles begin to appear on the fish, then within the skin, 
the roof of the mouth, within the fins, or within the all- 
domina1 cavity. Gas pockets may also form behind the eye- 
ball and cause an exophthalmic “pop-eyed” condition. 
Probably gas emboli in the blood are the last primary 
symptoms to develop, because blood pressure and plasma 
viscosity oppose bulible formation. At some as yet undefincd 
point, gas emboli become sufficiently large and frequent 
to cause hemostasis in blood vessels, which in turn may 
cause extensive tissue damage or completc hemostasis by 
filling the heart chamber with gas. The latter is the usual 
direct cause of death. 

Exophthalmus or “pop-eye” and eye damagc can tic 
caused by sevcral factors other than gas l~u l~ ldc  disrase 
and one should be duly cautious when tempted to diagnose 
gas l~ul i l~ le  disease based solely on these criteria. \Vhilc the 
above symptoms can be caused by excessivc dissolvccl gas 
pressure (M‘estgard 1964),14” they can also Ix caiisccl by 
malnutrition, abrasion, and possil>ly Iiy infcction. Unfortu- 
nately there is no known definitive way to distinguish be- 
tween latent eye damage caused Iiy previous esposurc to 
excessive dissolved gas pressure and other CRUSCS. 

Secondary, latent, or sul~lethal effects of gas l ~ u l ~ l ~ l e  
disease in fish include promoting other diseases, necrosis, or 
other tissue changes, hemorrhages, blindncss, and repro- 
ductive failure (Harvey and Cooper 1 9G2,Iz3 \\‘cstgard 
1964,“O Pauley and Nakatani 19G7,129 and Rouck et al. 
1971).’05 There is no known evidence that supersaturation 
causes a nitrogen narcosis in fish (such as can lie espcricnccd 
liy scuba divers), as this requires high dissolved gas pressures 
proliably above 10 atm. However, one can espcct that fish 
afflicted with gas ‘Dub‘oie disease or iiic ;.I;JU\’C sccuiida1.Y 
effects might have their normai ixiiavior diei-ei:. 

There is no definitive evidence that fishes can detect 
supersaturation (Shelford and Allee 1913),’35 or that they 
actively avoid it by seeking hydrostatic pressure compen- 
sation (Elx’l 1969).Il2 However, the potential capacity to 
avoid supersaturation or to compensate by sounding is 
limited among anadromous species by the necessity of 
ascending their home river and by dams with relatively 
shallow fish ladders. This may also apply to other species 
that reproduce in or otherwise live in shallow-water niches. 
Physiological adaptation to supersaturation seems unlikely, 
and this contention is supported by the preliminary studies 
of Coutant and Genoway (1968).Io9 

Interaction between gas bubble disease and other stresses 
is highly likely but not clearly cstablished. Fish were more 
susceptible to a given level of total dissolved gas pressure 
when wounded (Egusa 1955).”4 The thermal tolerance of 
Pacific salmon was reduced when Nz levels were 125 to 
180 per cent in the case of juveniles (Ebel et al. 1971),”3 
and when N2 levels were > 118 per cent in the case of adults 
(Coutant and Genoway 19G8).Io9 Chemicals or other factors 
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that influence body activity or cardiovascular activity may 
also influence blood pressure (Randall 1970b),132 and this 
would be expected to influence the degree to which the dis- 
solved gas pressure is in escess, and hence the tolerance to 
gas bubble disease. 

Variation in biological response is a prominent aspect of 
gas bulible disease, which should not be surprising in view 
of the numerous influential factors. Some of this variation 
might be explained by physiological differences between 
life stages or species, degree of fatness, blood pressure, 
lilood viscosity, metabolic heat, body size, muscular ac- 
tivity, and blood osmolarity. For example, susceptibility to 
gas bubble disease may be inversely related to blood (or 
hemolymph) pressure. There is wide variation in blood 
pressure bet\veen life stages, between fish species, and be- 
t\ccen invcrtelxate species. Based on aortic blood pressures 
alone, one can hypothesize that largemouth bass (Micropterus 
salmoides) might be more susceptible to gas bubble disease 
than chinook salmon (Oncoriynchirs tshawyfscha) if other fac- 

otscrvations that gas bubbles form in the blood of bullfrogs 
more easily than in rats (Berg et al. 1945),'04 possilily 
because of diff'erences in blood pressure (Brand et al. 
195 I ) . I n 7  

Tolerance to supersaturation also varies between body 
sizes or life stages; Shirahata (1966)i36 relates this, in part, 
to an increase in cardiac and skeletal muscle activity. 
Larger fish \\.ere generally more sensitive to supersaturation 
than \\'ere smaller fish in most studies (\Viehe and McGavock 
I932,"? Egusa 1955,Ii4 Shirahata 1966,'36 Harvey and 
Cooper 1962).Iz3 \\'ood ( 1968)143 has the opposite view, but 
he provides no supporting evidence. Possibly larger fish are 
more susceptible to gas hititile disease in part liecause they 
can clc\.elop greater metaliolic heat than smaller fish. In 
this regard, Carey and Teal (1969)Io8 reported that large 
tuna may have a muscle temperature as much as I O  C above 
the \\ atcr temperature. 

Data are quite limited on the tolerance of zooplankters 
and otlrcr aquatic invertctirates to excessive dissolved gas 
pressure. Evans and \\'alder (I 969)IL6 demonstrated that 
invertebrates can develop gas bubble disease. Unpublished 
observations IJY Nelieker* demonstrate that Daphnia sp. and 
Gamrnarrrs sp. are susceptible to gas bubble disease. O n  the 
other hand, it is widely known that some aquatic inverte- 

tnrc nrp t-q1-13!. This rgfitpfitigfi is ~ S C  rllnnnrtd --rr-* I-- h - 7  . ' I  the 

Analytical Considerations 

The apparatus and method of Van Slyke et al. (1934)I3O 
are still the standard analytical tools for most gas analyses. 
Scholander et al. (1955)13'and others have developed similar 
methods with modifications to accomodate their special 
needs. More recently, Swinnerton et al. ( 1962)13' published 
a gas analysis melliod that utilizes gas-liquid chromatog- 
raphy. However, both of these basic methods have draw- 
backs, because they either require special expertise or do not 
otherwise meet the field needs of limnologists and fisheries 
or pollution biologists. 

.4 new device by Weiss* measures the differential gas 
pressure between the air and the water within fifteen 
minutes. This portable device is simple to operate, easy and 
inespensive to build, and gives direct readings in mm Hg. 
Unpublished data by \Veiss show that this instrument has 
an accuracy comparable to the Van Slyke and the chro- 
matographic procedures. The instrument consists of a gas 
sensor (150 ft. coil of small diameter, thin-walled, silicone 
rubber tube) connected to a mercury manometer. The  
sensor is placed underwater where the air in the tubing 
equilibrates with the dissolved gases in the water. The 
resulting gas pressure is read directly via the mercury 
manometer which gives a positive value for supersaturated 
water and a negative value for water that is not fully 
saturated. 

Total Dissolved 6 a s  Pressure Criteria 

Safe upper limits for dissolved gases must be based on the 
total dissolved gas pressures (sum of all gas tensions) and 
not solely on the saturation value of dissolved nitrogen gas 
alone. Furthermore, such limits must provide for the safety 
of aquatic organisms that inhabit or frequent the shallow 
littoral zone, where an existing supersaturation could be 
worsened liy heating, photosynthetic osygen production, 
or other factors. There is little information on the chronic 
sublethal effects of gas bubble disease and almost all the 
research has been limited to species of the family Salmonidae. 
Likewise, gas tolerance data are unavailable for zooplankters 
and most other aquatic invertebrates. Therefore, it is neces- 
sary to judge safe limits from data on mortality of selected 
salmonid fishes that were held under conditions approxi- 
mating the shallow water of a hypothetical littoral zone. 
These data are: 

A. V. Nebeker, Western Fish Toxicology Station, U.S. Environ- 
mental Protection Agency, 200 S. CV. 35th Street, Corvallis, Oregon, 
97330. California 92037. 

Dr. Ray W e k ,  University of California, Scripps, Institute of 
Oceanography, Geological Research Division, P. 0. Box 109, LaJolla, 
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2. Harvey and Cooper (1962)lz5 reported that fry of 
sockeye salmon (Oncorhynchus nnka) suffered latent effects 
(necrosis and hemorrhages) for some time after normal gas 
levels were said to have been restored. 

Coutant and &noway (1968)'09 reported that sexu- 
ally precocious spring chinook salmon (Oncorhynchus tshowyt- 
scha) weighing 2 to 4 kg, experienced extensive mortality 
in six days when exposed at  or above 118 per cent of Nz 
saturation ; these salmon experienced no mortality when 
Nz was below 110 per cent of saturation. 

3. 

Whether or not other species or life stages of aquatic life 
may be more or less sensitive than the above salmonids 
remains to be proven. In the meantime, the above refer- 
ences provide the main basis for establishing the following 
total dissolved gas recommendations. 

Recommendations 

Available data for salmonid fish suggest that 
aquatic life will be protected only when total dis- 
solved gas pressure in water is no greater than 110 
per cent of the existing atmospheric pressure. Any 
prolonged artificial increase in total dissolved gas 
pressure should be avoided in view of the incom- 
plete body of information. 

CARBON DIOXIDE 

Carbon dioxide exists in two major forms in water. I t  
may enter into the bicarbonate buffering system at various 
concentrations depending on the pH of the water. In ad- 
dition, "free" carbon dioxide may also exist, and this com- 
ponent affects the respiration of fish (Fry 1957).15' Because 
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The concentration of free carbon dioxide, where oxygen- 
demanding wastes are not excessive, is a function of pH, 
temperature, alkalinity, and the atmospheric pressure of 
carbon dioxide. Doudoroff (1 957)"' reported that concen- 
trations of free carbon dioxide above 20 mg/l occur rarely, 
even in polluted waters; and Ellis (1937)lm found that the 
free carbon dioxide content of Atlantic Coast streams ranged 
between zero and 12 mg/l. Ellis (1937)Imand Hart (1944)152 
both reported that in 90 to 95 per cent of the fresh waters 
in the United States that support a good and diverse fish 
population the free carbon dioxide concentrations fall below 
5 mg/l. 

An excess of free carbon dioxide may have adverse effects 
on aquatic life. Powers and Clark (1943)Is6 and Warren 

(1971)15' reported that fish are able to detect and to respond 
to slight gradients in carbon dioxide tension. Brinley 
(1943)*46 and Hoglund (1961)154 observed that fish may 
avoid free carbon dioxide levels as low as 1.0 to 6.0 mg/l. 

Elevated carbon dioxide concentrations may interfere 
with the ability of fish to respire properly and may thus 
affect dissolved oxygen uptake. Doudoroff and Katz 
(1950)148 and Doudoroff and Shumway ( 1970)149 reported 
that where dissolved oxygen uptake interference does occur, 
the free carbon dioxide concentrations which appreciably 
affect this are higher than those found in polluted waters. 
In bioassay tests using ten species of warmwater fish, Hart 
(1944)?52 found that the gizzard shad (Dorosoma cepedionum) 
was the most sensitive and was unable to remove oxygen 
from water 50 per cent saturated with dissolved oxygen in 
the presence of 88 mg/l of free carbon dioxide. The less 
sensitive, largemouth bass (Microplerus salmoides) was unable 
to extract oxygen when the carbon dioxide level reached 
175 mg/l. Below 60 mg/l of free carbon dioxide, most 
species of fish had little trouble in extracting dissolved 
oxygen from the water. 

High concentrations of free carbon dioxide cause pro- 
nounced increases in the minimum dissolved oxygen require- 
ment of coho salmon (Oncorhynchus kisulch), but these fish 
acclimatized rapidly to carbon dioxide concentrations as 
high as 175 mg/l at  20 C when the dissolved oxygen level 
was near saturation (McNeil 1956).155 

Basu (1959)145 found that for most fish species, carbon 
dioxide affected the fishes' ability to consume oxygen in a 
predictable manner. He further indicated that temperature 
affected carbon dioxide sensitivity, being less at higher water 
temperatures. 

The ability of fish to acclimatize to increases in carbon 
dicxide cn.n.cen?rations ns hich as 60 mg/l with little effect 
ha.$ heen indicated by Haskell and Davies ( 1958).153 
Doudoroff and Shumway ( 1970)149 indicate that the ability 
of fish to detect low free carbon dioxide concentrations, the 
presence of low carbon dioxide levels in most waters, and 
the ability of fish to acclimatize to carbon dioxide in the 
water probably prevent this constituent from becoming 
a major hazard. 

Recommendation 

Concentrations of free carbon dioxide above 20 
mg/l occur raiely. Fish acclimatize to increases in 
carbon dioxide levels as high as 60 mg/l with little 
effect. However, fish are able to detect and respond 
to slight gradients and many avoid free carbon 
dioxide levels as low as 1.0 to 6.0 mg/l. 

L 



ACUDUW, ALKALUNUUV, AND pW 

NATURAL CONDIPIONS AND SIGNIFICANCE 

Acidity in natural waters is caused by carbon dioxide, 
mineral acids, weakly dissociated acids, and the salts of 
strong acids and weak bases. The alkalinity of a water is 
actually a measure of the capacity of the carbonate- 
bicarbonate system to buffer the water against change in 
pH. Technical information on alkalinity has recently been 
reviewed by Kemp ( 1  97 

An index of the hydrogen ion activity is pH. Even 
though pH determinations are used as an  indication of 
acidity or alkalinity or both, pH is not a measure of either. 
There is a relationship between pH, acidity, and alkalinity 
(Standard Methods 1971):184 water with a pH of 4.5 or 
lower has no measurable alkalinity, and water with a p H  
of 8.3 or higher has no measurable acidity. In natural 
water, where the pH may often be in the vicinity of 8.3, 
acidity is not a factor of concern. In most productive fresh 
waters, the pH falls in a range between 6.5 and 8.5 (except 
when increased by photosynthetic activity). Some regions 
have soft waters with poor buffering capacity and naturally 
low pH. They tend to be less productive. Such conditions 
are found especially in dark colored waters draining from 
coniferous forests or muskegs, and in swampy sections of 
the Southeast. For a variety of reasons, some waters may 
exhibit quite extreme pH values. Before these are considered 
natural conditions, it should be ascertained that they have 
not actually resulted from man-made changes, such as 
stripping of ground cover or old mining activities. This is 
important because the recommendations refer to estimated 
natural levels. 

TOXICITY PO AQUAPIC LIFE 

Some aquatic organisms, especially algae, have been 
found to live at  pH 2 and lower, and others a t  pH 10 and 
higher ; however, such organisms are relatively few. Some 
natural waters with a p H  of 4 support healthy populations 
of fish and other organisms. In these cases the acidity is 
due primarily to carbon dioxide and natural organic acids, 
and the water has little buffering capacity. Other natural 
waters with a p H  of 9.5 also support fish but are not usually 
highly productive. 

The  effects of pH on aquatic life have been reviewed in 
detail in excellent reports by the European Inland Fisheries 
Advisory Commission (1969)lw and Katz ( 1969).16' In- 
terpretations and summaries of these reviews are given in 
Table 111-6. 

jE iidDiRECi EFFEfi ea jiDE EFFECiS 

Addition of either acids or alkalies to water may be 
harmful not only by producing acid or alkaline conditions, 
but also by increasing the toxicity of various components 
in the waters. For example, acidification of water may 
release free carbon dioxide. This exerts a toxic action ad- 
ditional to that of the lower pH. Recommendations for p H  
are valid if carbon dioxide is less than 25 mg/l (see the 
discussion of Carbon Dioxide, p. 139). 

A reduction of about 1.5 pH units can cause a thousand- 
fold increase in the acute toxicity of a metallocyanide 
coniplex (Doudoroff et al. 1966).'59 The addition of strong 
alkalies may cause the formation of undissociated NHIOH or 
un-ionized NH3 in quantities that may be toxic (Lloyd 
1961,163 Burrows 1964).15* Many other pollutants may 
change their toxicity to a lesser extent. I t  is difficult to 
predict whether toxicity will increase or decrease for a 
given direction of change in pH. 

\Veakly dissociated acids and bases must be considered 
in terms of their toxicities, as well as their effects on p H  
and alkalinity. 

The  availability of many nutrient substances varies with 
the hydrogen ion concentration. Some trace metals become 
more soluble a t  low pH. At higher pH values, iron tends 
to become unavailable to some plants, and hence the pro- 
duction of the whole aquatic community may be affected. 

The  major buffering system in natural waters is the 
carbonate system that not only neutralizes acids and bases 
to redi ir~  the fliirtiintinns in pH, hiit ntsn fnrrns n rcwrv& 
of carbon for photosynthesis. This process is indispensable, 
because there is a limit on the rate a t  which carbon dioxide 
can be obtained from the atmosphere to replace that in the 
water. Thus the productivity of waters is closely correlated 
to the carbonate buffering system. The addition of mineral 
acids preempts the carbonate buffering capacity, and the 
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TABLE I l l d - A  Summary of Some Effects of pH on 
Freshwater Fish and Other Aquatic Organisms 

PH Known encctr 

11 .Ct2.0.. . . Some uddis  6 8 s  (Trichoptrn) sunive but emcrgrncr reduced. 
fl.0-11.5 .... bpidly lathallorllrpajrsoffish 
10.5-11 .O . . , . bp id ty  lethal to u lmonldr  Thr  Upper l imit is lethal to urp (Cyprinus arpio). [oldfish (Carasdus 

auralus), and pike. Lrthal to somr rtoneRes (Plcuptrra) and dragonflies (Odonata). Caddir 
fly emer[ence rrduced. 

10.610.5. ... Withstood LIJ salmonids lor short ptriods but eventually latbl. Escreds tolerance of blurgills 
(Lepomis mauahirur) and probably gotdnsh. Some l yp iu l  stoneflies and mayllirr (Ephrmera) 

surrivr with rrduced rmergcnw. 
9.5-10.0, ... Lethal to salmonids over a prolonged period of time and no viable fishrry for coldwater spedrs. 

Rrduccr popubtions of warmwater firh and may br harmful to dcvrlopment stages. Causrs 
reduced emrrlrnce ot some stonrflier 

9.0-9.5. .. . . Likely to b r  harmful to salmonids and perch ( P e d  i t  present tor a conddmblr  lrnpth 01 time 
and no viable Rrh rp  tor coldwatrr species Reduced populations of wrmwtrr fish. Carp avoid 
these levels 

8 .H.O. .  . . . Approachst tolerants l imit 01 some salmonids, whitefish (Corqonus). a f l s h  ( I~luridrc).  and 
perch. Avoided by goldflah. No apparent enccts on invrrtcbrates. 

6 . 5 6 . 5 . .  , . . Motility 01 carp sperm rrduced. Partial mortality ot burbot (Lob Iota) egga. 
1 .56 .0 . .  . . Full fish production. No known harmful enects on adult or immature Rsh. but 1.0 is n w r  tow limil 

tor Gammarus reproduction and perhaps tor some othrr uurtaceans. 
6.5-7.0. _. ._ Not lrthal to fish unless h c a q  mrtals or cyanider that arr more toric at low pH arr prescnL 

Generally lull fish production. but tor tathwd minnow (Pimrphalcs promelas). trrquenq ot 
spawning and number ot eggsare aomewhatreduced. Invertebrates eicept crurtacsrnsrebtivcly 
normal. including common occurrence ot mollusks. Microorganisma. algae. and h:zher plants 
essentially normal. 

6 .56 .5  ..... Unlikelytobctoiictofishunlrsstrrrurbondioiideisprrsrntinrxcrssott00 ppm. Goodaquatic 
populations with varied aprcics can esist with some exceptions. Reproduction 01 Gammarus and 
Daphnia prrventcd. perhaps other uusbcuns.  Aquatic planta and microorganisms relatively 
normal ricept tungi trrquent 

5.5-6.0.. . . . Eartrrn brook trout (Salvelinua tontinrlir) survive at ovrr pH 5.5. Rainbow trout (Salmo pi rdnrr i )  
do not occur. I n  natural situationa. small populations ot rehtivety t rw aprcirr ot flsh un be 
found. Growth rate of carp rrduced. Spawning 01 lathead minnow signiflontty reduced. MOllUaks 
rare. 

5.0-5.5.. . . . Vrp rrslricted fish popUbliOnS but not lrthal to any fish species unless C o t  i s  high (over 25 ppm). 
or water contains iron salts. May be lethal10 rgga and tarns 01 sensitive Rrh rpecies. Prevrnts 
spawning 01 tathwd minnow. Benthic invertebrates moderately divrrse. wi th  ccrtrin black flies 
(Simuliidae). mayflier (Ephrmrrella). atonrflies.and midger (Chironomidae) present in  numbrrr. 
Lethal to other invertebrates such as the maytly. Bactrrial speciea diversity drcreaud; yLasts 
and sultur and iron bacteria (Thioba~llur-Frrroba~llur) common. Algae rrasonabty diverse and 
higher plantr will grow. 

4.5-5.0,. . . . No viable flahrp un be maintained. l ike ly  to be lethal to eg(s and tp 01 salmonids. I salmonid 
popuhtion could not reproducr. Harmtul. but not nrcrsurity lethal to carp. Adult brown trout 
(Wmo trutta) can survive i n  prat watr r r  Benthic launa restricted. mayflirs rrducrd. lethal to 
srveral typical atoneflier. Inhibits rmergence of crrtrin caddis flyq rtonrfly. and midge brvae. 
Diatomr air dominant algae. 

:.R,:. , . . . %h p;!!::::: !k!i!:i; oa!: I !e! rp&r rar.'v% Perch, some cmrsr flsh. and pike un aecli. 
matrtothispH, butonlypikrrcproduce.Lethaltolathead minnow. Somruddi r  tlirsanddragon- 
flies l o u d  in  such habitata; crrtrin midger dominant Flora restricted. 

3.5-4.0. .._. Lethal I o  salmonids and b lue l i l l r  Limit ot toterancr of pumkinseed (Lcpornir gibborus). prrth. 
pike. and some cmrsr fish. All flora and fauna saverely restrictrd i n  number ot species. Cattail 
(Typb) is only common highrr plant. 

3.63.5.. , . . Unlikrly that any fish cam survive for mors than a few hours A t rw kinds 01 invrrtrbratrs ruch as 
wr ta in  midger and aldrrflirs, and a tcw species 01 algae may be found at this pH rings and lower 

original biological productivity is reduced in proportion to 
the degree that such capacity is exhausted. Therefore, the 
minimum essential Iluffering capacity and tolerable pH 
limits are important water quality considerations. 

Because of this importance, there should be no serious 
depletion of the carbonate buffering capacity, and it is 
recommended that reduction of alkalinity of natural waters 
should not exceed 25 per cent. 

A c i d i v ,  A lka l in ip ,  and pHJ141 

Recommendations 

Suggested maximum and minimum levels of 
protection for aquatic life are given in the following 
recommendations. A single range of values could 
not apply to all kinds of fish, nor could i t  cover the 
different degrees of graded effects. The selection of 
the level of protection is a socioeconomic decision, 
not a biological one. The levels are defined in Table 
111-3 (see the discussion of Dissolved Oxygen). 

Nearly Maximum level of Protection 

0 pH not less than 6.5 nor more than 8.5. No 
change greater than 0.5 units above the esti- 
mated natural seasonal maximum, nor be- 
low the estimated natural seasonal mini- 
mum. 

High level of Protection 

0 pH not less than 6.0 nor more than 9.0. N o  
change greater than 0.5 units outside the 
estimated natural seasonal maximum and 
minimum. 

Moderate level of Protection 

0 pN not less than 6.0 nor more than 9.0. No 
change greater than 1.0 units outside the 
estimated natural seasonal maximum and 
minimum. 

l o w  level of Protection 

0 pH not less than 5.5 nor more than 9.5. No 
change greater than 1.5 units outside the 
estimated natural seasonal maximum and 
minimum. 

Additional Requirements for All levels of Protection 

If a natural pH is outside the stated range of 
pH for a given level of protection, no further 
change is desirable. 
The extreme range of pH fluctuation in any 
location should not be greater than 2.0 units. 
If natural fluctuation exceeds this, plI should 
not be altered. 
The natural daily and seasonal patterns of 
pH variation should be maintained, although 
the absolute values may be altered within 
the limits specified. 
The total alkalinity of water is not to be de- 
creased more than 25 per cent below the 
natural level. 



DUS%0LVED SOLIDS AND HARDNESS 

Surface water a t  some time and place may contain a 
trace or more of any water-soluble substance. The signifi- 
cance and the effects of small concentrations of these sub- 
stances are discussed separately throughout this Report. 
The presence and relative abundance of these constituents 
in water is influenced by several factors, including surface 
runoff, geochemistry of the watershed, atmospheric fallout 
including snow and rainfall, man-created effluents, and 
biological and chemical processes in the water itself. Many 
of these dissolved materials are essential to the life processes 
of aquatic organisms. For a general discussion of the chem- 
istry of fresh water the reader is referred to Hutchinson 
(1957)16’ and Ruttner (1963).”* 

A general term describing the concentration of dissolved 
materials in water is tofat dissolved solids. The more con- 
spicuous constituents of total dissolved solids in natural 
surface waters include carbonates, sulfates, chlorides, phos- 
phates, and nitrates. These anions occur in combination 
with such metallic cations as calcium, sodium, potassium, 
magnesium, and iron to form ionizable salts (Reid 1961).170 

Concentrations and relative proportions of dissolved ma- 
terials vary widely with locality and time. Hart et al. 
(1945)16’ reported that in the inland waters of the United 
States which support a mixed biota, 5 per cent have a dis- 
solved solids concentration under 72 mg/l; about 50 per 
cent under 169 mg/l; and 95 per cent under 400 mg/l. 
Table 111-7 provides information on ranges and median 
concentrations of the major ions in United States streams. 

The  quantity and quality of dissolved solids are major 
factors in determining the variety and abundance of plants 
and animals in an aquatic system. They serve as nutrients 
in productivity, osmotic stress, and direct toxicity. A major 
change in quantity or composition of total dissolved solids 
changes the structure and function of aquatic ecosystems. 
Such changes are difficult to predict. 

Concentrations of dissolved solids affecting freshwater 
fish by osmotic stress are not well known. Mace (1953)169 
and Rounsefell and Everhart (1953)”‘ reported that the 
upper limit may range between 5,000 and 10,000 mg/l total 
dissolved solids, depending on species and prior acclimati- 
zation. The literature indicates that concentrations of total 
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dissolved solids that cause osmotic stress in adult fish are 
higher than the concentrations existing in most fresh waters 
of the United States. Many dissolved materials are toxic at  
concentrations lower than those where osmotic effect can 
be expected. (See Toxic Substances, p. 172, and Acidity, 
Alkalinity, and pH: p. 140.) 

Hardness of surface waters is a component of total dis- 
solved solids and is chiefly attributable to calcium and 
magnesium ions. Other ions such as strontium, barium, 
manganese, iron, copper, zinc, and lead add to hardness, 
but since they are normally present in minor concentrations 
their effect is usually minimal. Generally, the biological 
productivity of a water is directly correlated with its hard- 
ness. However, while calcium and magnesium contribute 
to hardness and productivity, many other elements (when 
present in concentrations which contribute a substantial 
measure of hardness) reduce biological productivity and 
are toxic. Hardness per se has no biological significance 
because biological effects are a function of the specific 
concentrations and combinations of the elements present. 

The  term “hardness” serves a useful purpose as a general 
index of water type, buffering capacity, and productivity. 
Waters high in calcium and magnesium ions (hard water) 
lower the toxicity of many metals to aquatic life (Brown 
1968;165 Lloyd and Herbert 1962).168 (See Figurc 111-9 in 
the discussion of Metals, p. 178.) However, the term 
“hardness” should be avoided in delineating water quality 

TABLE ZZZ-7-Major Dissolved Constituents of River Waters 
Representing About 90 Percent of Total Stream Flow in the 

United States 

I:h! d--N -2% ..................... !e” 
Biraftmnato (HCO$. SD 
Sulfato (SO,). 32 
Chhr ido  (CO .............................. 9 
CaYnrn (Ca) .............................. m 
Mapmiurn (MP).. ........................ 1 
Sodium and potassium (Ha and K)... ........ 

...................... 
............................ 

10 

*. .ml ..-- 
40-l6D 
11-90 
3-ITO 

15-52 
1.5-14 
w 
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characteristic of particular habitats are signifi- 
cantly changed. When dissolved materials are al- 
tered, bioassays and field studies can determine 
the limits that may be tolerated without en- 

Total dissolved materials should not be changed dangering the structure and function of the 

requirements for aquatic life. More emphasis should be 
placed on specific ions. 

Recommendation 

to the extent that the biological communities aquatic ecosystem. 
r 
L'  . 



Losses of oil that can have an adverse effect on water 
quality and aquatic life can occur in many of the phases of 
oil production, refining, transportation, and use. Pollution 
may be in the form of floating oils, emulsified oils, or solution 
of the \vatu solut~le fraction of these oils. 

The tosicity of crude oil has been difficult to interpret 
since crude oil may contain many different organic com- 
pounds and inorganic elements. The composition of such 
oils may vary from region to region, and petroleum products 
produced can be drastically different in character in line 
with their diKerent intended uses (Purdy 1958).lg8 The 
major components of crude oil can tie categorized as ali- 
phatic normal hydrocarbons, cyclic paraffin hydrocarbons, 
aromatic hydrocarbons, naphtheno-aromatic hydrocarbons, 
resins, asphaltencs, hcteroatomic compounds, and metallic 
compounds (Bcstoiigeff 1 967).I7j The aromatic hydro- 
carbons in crude oil appear to be the major group of acutely 
toxic compounds (Blumer 1971,176 Shelton 1971).1g9 

Because the Iiological effects of oils and the relative 
merits of control measures are discussed in detail in 
Section IV (p. 257) of this Report, only effects of special 
interest or pertinence to fresh water are discussed here. 
The effects of floating oil on wildlife are discussed on p. 196. 

OIL REFINERY EFFLUENTS 

Copeland and Dorris ( 1964)ls0 studied primary pro- 
ductivity and community respiration in a series of oil 
refinery effluent osidation ponds. These ponds received 
waste waters which had been in contact with the crude oil 
and various products produced within the refinery. Surface 
oils were skimmed. In  the series of oxidation ponds, pri- 
mary productivity and community respiration measure- 
ments clearly indicated that primary producers were limited 
in the first ponds, probably by toxins in the water. Oxidation 
ponds further along in the series typically supported algal 
blooms. Apparently degradation of the tosic organic com- 
pounds reduced their concentration below the threshold 
lethal to the algae. Primary productivity was not greater 
than community respiration in the first ponds in the series. 
Minter (1964)lg5 found that species diversity of phyto- 

plankton was lowest in the first four ponds of the series of 
ten. A “slug” of unknown toxic substance drastically re- 
duced the species diversity in all ponds. Zooplankton 
volumes increased in the latter half of the pond series, 
presumably as a result of decreasing toxicity. Benthic fauna 
species diversity in streams receiving oil refinery effluents 
was low near the outfall and progressively increased down- 
stream as biological assimilation reduced the concentration 
of toxins (Wilhm and Dorris 1966,206 Harrel et al. 1967,Is4 
Mathis and Dorris 1968191). 

Long-term, continuous-flow bioassays of biologically 
treated oil refinery effluents indicated that complex re- 
fineries produce effluents which contain cumulative toxins 
of substances that cause accumulative deleterious effects 
(Graham and Dorris 1 968).18* Subsequent long-term con- 
tinuous-flow bioassays of biologically treated oil refinery 
effluents indicated that passage of the effluent through acti- 
vated carbon columns does not remove the fish toxicants. 
Of the fathead minnows (Pimphales promelus) tested, half 
were killed in 14 days, and only 10 per cent survived 30 
days (Burks 197220’ personal communicalion). Trace organic 
compounds identified in extracts from the effluent were a 
homologous series of aliphatic hydrocarbons (CllH22 through 
ClaH38) and isomers of cresol and xylenol. Since the soluble 
fractions derived from oil refineries are quantitatively, and 
to some extent qualitatively, different from those derived 
from oil spills, care must be taken to differentiate between 
these two sources. 

FREE AND FLOATING OIL 

Free oil or emulsions may adhere to the gills of fish, 
interfering with respiration and causing asphyxia. Within 
limits, fish are able to combat this by defensive mucous 
secretions (Cole 1941).179 Free oil and emulsions may like- 
wise coat aquatic plants and destroy them (McKee and 
Wolf 1963).Ig3 

Fish and benthic organisms may be affected by soluble 
substances extracted from the oils or by coating from 
emulsified oils. Water soluble compounds from crude or 
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manufactured oils may also contain tainting substances 
which affect the taste of fish and waterfowl (Krishnawami 
and Kupchanko 1 969).IE9 

Toxicity tests for oily substances provide a broad range 
of results which do  not permit rigorous safety evaluations. 
The variabilities are due to differences in petroleum prod- 
ucts tested, non-uniform testing procedures, and species 
differences. Most of the research on the effects of oils on 
aquatic life has used pure compounds which exist only in 
low percentages in many petroleum products or crude oils. 

Oils/l45 

Table 111-8 illustrates the range of reported tosicities. For 
halo-, nitro-, or thio-derivatives, the espected toxicity 
would lie greater. 

Because of the basic difficulties in evaluating the toxicity, 
especially of the emulsified oils, and because there is some 
evidence that oils may persist and have subtle chronic 
effects (Blumer 1971),176 the maximum allowable concen- 
tration of emulsified oils should be determined on an indi- 
vidual basis and kept l~elow 0.05 of the 96-hour LC50 for 
sensitive species. 

TABLE ZZZ-8-Toxicity Ronges 

Chcmiml ppm. conc. Eftel spmcs lnvestigalor 

Hepbne. ................................. 
Isoprene.. ................................ 

Ncphenic acid ............................. 

Naphtlulcnc.. ............................ 
Toluene.. ................................ 

Aniline ................................... 379 
Bcntcnc ................................. 31 

22 
32 

Crnol. .................................. I O  
Cyclokunc.  ............................. 30 

31 
33 
u 

29 
73 
78 

4924 
75 
39 

180 
149 

Ethylbenzene. ............................ 49 

5.6 
6.6-1.5 

165 
1260 

44 
24 
62 
66 

..IYIIIIC ................................. 9! 
49 

Cutling oil f2 ............................ 14,500 
Diesel fuel ................................ 161 
Bunker oil., .............................. 2111 
Bunker Coi l  .............................. 1700 

....... 

none Daphnia mama 
96 hr LCM Pimephaler promelas 
96 hr LCM Lepomis macrochirus 
96 hr LCM 
96 hr LC50 Lepomis macrochirus 
96 hr LCM Pimephaler promelas 
96 h l  LCM Lcpomis macrochirus 
... .". ............................... Cmrs iu r  auralus 
... ." ................................ Lebislcr reBcuIaIus 
.... ." ................................ Pimcphales promelas 
. . .  .". ............................... Lepomis macrothirur 
. . . _ ' I .  ............................... Carassius auralus 
... ." ................................ Lcbistts rebculalus 
48 h l  LCM 
96 hr LCM Pimcphaler promelas 
... ." ................................ Lcpomis macrochirur 
... ." ................................ Carassiur auralus 
... _" ................................ Lcbistes reticulalus 
... .". ............................... Lcpomis macrochirus 

Carassius auratur 

Gambusia anints 

... .". ............................... PhyS htferOStrophl 
48 hr LCM Gambusia aninis 

96 hr LC50 Pimephalcr promelas 
... .". ............................... Lcpomis macrothirus 
... .". ............................... Carassius auralus 
...,". ............................... Lebistes relkulalus 
?I !!r L E 9  L l g ~  upidirumr 
96 hr LCM Salmo gairdneri 
96 hr LCM Sllmo gairdneri 
18 hr LCM 

I68 hr LCM Salmo ular 

.............................................................. 

Alou upidissimia 
.. Alou upidissima 

Anderson 1944". 
Pickerinp 0 Henderson 1966'9' 
................................................... 
................................................... 
Cairns b Scheier 1959l7d 
Pickcring b Henderson 1 9 6 W  

................................... 

................................... 
.................................................... 
.................................................... 
.................................... 

Wallen ct al. 1 9 5 W  
Pickcring b Henderson 1966!97 
........................... 

............................................... 
Cairns b Scheier 1958177 

Wallen et al. 1957:Os 
................................... 

Plckcnnn b Henleison 1966Is7 

Tqalz 1961?'3 
Meinck et aI. 1956'" 
Turnbull et aI 1 9 W M  
Tanalz 19612" 

Spnguc and Carson manuscript 19701~~ 

SEDIMENTED OIL 

Ludzack et al. (1957)lg0 found that the sediment in the 
Ottawa River in Ohio downstream from a refinery consisted 
of up to 17.8 per cent oil. Hunt (1957)18' and Hartung and 
Klingler ( 1968)Is5 reported on the occurrence of sedimented 
oil in the Detroit River. North et  al. (1965)lg6 found sedi- 
mented oils after an oil pollution incident in marine coves 
in Baja California. Forbes and Richardson (191 3)ls! re- 
ported 2.5 per cent oils in the bottom deposits of the Illinois 
River. McCauley ( 1964)Iw reported finding oily bottom 
deposits after oil pollution near Boston. Thus, while the 
reports may be scattered, the evidence is clear that the 

existence of sedimented oils in association with oil pollution 
is widespread. 

There is an increasing body of evidence indicating that 
aliphatic hydrocarbons are synthesized by aquatic organisms 
and find their way into sediments in areas which have little 
or no history of oil pollution (Han et al. 1968,Is3 .4vigan 
and Blumer 1968174). Hydrocarbons have been reported in 
the recent sediments of lakes in h4innesota (Swain 1956)'" 
and the Gulf of Mesico (Stevens et al. 1956)."O' 

Areas which contain oily sediments usually have an im- 
poverished benthic fauna; it is not clear to what extent oil 
contributes to this, because of the presence of other pol- 
lutants (Hunt 1962).*SS However, there are recurring reports 
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of a probable relationship between sedimented oils and 
altered benthic communities. Sedimented oils may act as 
concentrators for chlorinated hydrocarbon pesticides (Har- 
tung and Klingler 1970),lsa but the biological implications 
indicate that additional study is required. 

Because of the differences in toxicities of sedirnented oils 
and because of limited knowledge on quantities which are 
harmful to aquatic life, it is suggested that the concentration 
of hexane extractable substances (exclusive of elemental 
sulfur) in air-dried sediments not be permitted to increase 
above 1,000 mg/kg on a dry weight basis. 

Recommendations 

Aquatic life and wildlife should be protected 
where : 
o there is no visible oil on the surface; 
o emulsified oils do not exceed 0.05 of the 96-hour 
LC50; 

o concentration of hexane extractable substances 
(exclusive of elemental sulfur) in air-dried sedi- 
ments does not increase above 1,000 mg/kg on a 
dry weight basis. 



TAINTING SUBSTANCES 

Discharges from municipal wastewater treatment plants, 
a variety of industrial wastes and organic compounds, as 
well as biological organisms, can impart objectionable taste, 
odor, or color to the flesh of fish and other edible aquatic 
organisms. Such tainting can occur in waters with concen- 
trations of the offending material lower than those recog- 
nized as being harmful to an animal (Tables 111-9 and 
111-1 0). 

P, 

I' 

BIOLOGICAL CAUSES OF TAINTING 

Thaysen ( 1935)23' and Thaysen and Pentelow ( 1936)232 
demonstrated that a muddy or earthy taste can be imparted 
to the flesh of trout by material produced by an odiferous 
species of Actinomyces. Lopinot (1 962)224 reported a serious 
fish and municipal water supply tainting problem on the 
Mississippi River in Illinois during a period when actino- 
mycetes, Oscillatoria, Scenedesmus, and Actinaslrum were abun- 
dant. Oscillotoria prince@ and 0. agardhi in plankton of a 
German lake were reported by Cornelius and Bandt 
ji9S5j":" as causing on"--iiavor ill iaic ts i i .  Asdu~cr ci A. 
(IYOI)--- cvnciucicci iliat ihe beiiihic dip, S .  tiiiiiii, ii; 
rearing ponds in Israel was responsible for imparting such 
a bad Ravor to carp (Cyprinus carpio) that the fish were 
unaccepthble on the market. Henley's ( 1970)22L investigation 
of odorous metabolites of Cyanophyta showed that Anabaena 
circinalis releases geosmin and indicated that this material 
was responsible for the musty or earthy odor often char- 
acteristic of water from reservoirs with heavy algal growths 
in summer and fall. 

Oysters occasionally exhibit green coloration of the gills 
due to absorption of the blue-green pigment of the diatom, 
Noviculo, (Ranson 1927).n5 

/.n,-.I\n9n 

TAINTING CAUSED BY CHEMICALS 

Phenolic compounds are often associated with both water 
and fish tainting problems (Table 111-9). However, Albers- 
meyer (1 957)*08 and Albersmeyer and Erichsen ( 1959)209 
found that, after being dephenolated, both a carbolated oil 
and a light oil still imparted a taste to fish more pronounced 
than that produced by similar exposures to naphthalene 

and methylnaphthalene (phenolated compounds). They 
concluded that other hydrocarbons in the oils were more 
responsible for imparting off-flavor than the phenolic ma- 
terials in the two naphthalenes testcd. 

Refineries (Fetterolf 1962),2'5 oily wastes (Zillich 1969),236 
and crude oil (Galtsoff et al. 1935)'-19 have been associated 
with off-flavor problems of fish and shellfish in both fresh- 
water and marine situations (\Yestman and Hoff 1963).234 
Krishnawami and Kupchanko ( 1  969)2?3 demonstrated that 
rainbow trout (Salmo gairdneri) adsorbed enough compounds 
from a stream polluted with oil slicks and oil refinery 
effluents to exhibit a definite oily taste and flavor. In waters 
receiving I h c k  liquor from kraft pulp mills, the gills and 
mantles of oysters developed a gray color (Galtsoff et al. 
1947).2'9 The authors also found this condition i n  oysters 
grown in waters receiving domestic sewage. Newton 
( 1967)237 confined trout in live-cagcs and correlated inten- 

TABLE III-9-Wastew~aters Found to have Lowered the 
Pafatability 01 Fish Flesh 

Concenlntion in 

pahhbility of fish 
Wastewater sourco water anectinr Spedes Reference 

2 , 4 4  mfg. plant,. ........... 
CIccOking. .  ............... 
CII - t l r . .  .................. 
h n  pram (unbated). ..... 

hft PWII (bated). ....... 

Knn and neutnl sulIts 

Munidpal dump runon.. ...... 

Munidpll unbwtad sewale 
(2 lotitions) 

Municipal wastewater 
treatment plants (4 locations) 

Municipal wartsnter 
treatment pnl (Primary) 

Municipal wastaater 
Wtmmt phnt (Secondary) 

Oily wattas., ................ 
Rennev.. .................... 
h r n i e  containing phenols.. ... 
Shwhtuhounr (2 locations) . . 

pmsl 

SO-100 m i l l  Trout 
O.OM.1 mg/l FrUIhWJler rtth 
0.1 mg/l Freshwater Ish 

1-2% by roL Salmon 

S - l ~ o b y w l  Salmon 

................ Trout 

................ Channel alflsh 

................ Channel a1Ish 

................ Channel alflsh 

l l - l l~o  by 101 Freshwater I s h  

Z!2-Z6So by voL Freshwater I t h  

(Iblurur punltus)  

................ 1r011( 

................ Trout 
0.1 rq/l Freshwater I s h  
................ Channel alflsh 

Shumwry 1968:' 
bndI1955:11 
Bandt 1955:Il 

Shumway and Chadwick 

$humway and Palentky. un- 

Nrwlon 1967:" 

Thomas and Hicks 19712'' 

Thomasand Hicks 19711" 

1971m' 

published dab?'' 

Thomasand Hicks 1 9 7 W  

Shumwy and Palensky. on. 

Shumway and Palensky. un. 

Zillich 1 9 W 6  

Fnllerolt 1 9 6 P  
Bandt 1955?1' 
Thomasand Hicks 197t:a' 

publithed d a W '  

published dah=' 
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TABLE Ill-IO-Concentrations of Chemicul Compounds in 
Wuter Thut Can Cuuse Tainting of the Flesh of Fish and 

Other Aquutic Organisms 

Chemical 

acqlonilrile.. ................................... 
cresol.. ........................................ 
mCleSOI.. .................. 

p-cresol .................... 
cresylic acid (mela pn). ......................... 
N.butylmercapbn. .............................. 

O < R S O I . .  .................. 

osec. butylphenol.. ............................. 

2. I~diChlOlOPh~nQl.. ............................. 
2.4.dichlorophenol. .............................. 
2.5~dichlorophenol.. ............................. 
2,6.diChlOrQphenQl.. ............................. 
2-melhyl. 4~ChlQlQphenQl.. ....................... 
2-melhyl. 6.Chlorophenol ......................... 
0.phenylphenOl.. ................................ 

bichlorophenol ............................ 
9ncno1 ......................................... 
phenols in polluted liver .......................... 
diphenyl oxide., ................................ 
8. ~.dichlorodielhyl Ethel ...... 
O~dithlQrObtnZ~fl~.  ....... ...... 
elhylbanzene.. .................................. 
elhanethiol.. ................................... 
sthylacrylale. ................................... 
formaldehyde.. ................................. 
kerosene. ...................................... 
kerosene plus kaolin.. ........................... 

naphlha.. ...................................... 
naphlhalene .................................... 
naphlhol.. ..................................... 
2.naphlhol.. .................................... 
dimelhylamine. ................................. 
a.m:lhylslyrene.. .............................. 
oil. emulsiSabla.. ............................... 
pyridine.. ...................... 
pYrQCllethol. ................................... 
QYlQIlllQl.. ..................................... 
quinoline. ...................................... 

slyreno.. ....................................... 
toluene.. ....................................... 
oulboard molar luel. as exhaust.. ................. 
putiatol.. ...................................... 

. .  

i S O g l O ~ l b ~ ~ Z e n 0 .  ............................... 

UBUlnQnE.. ..................................... 

0.5 
I S  
0.01 
0.2 
0.4 
0.12 
0.2 
0.06 
0.1 
0.01 
0 . 0 ~ 1  10 0.015 
0.01 tO0.05 
O.OM 
0.001 t00.014 
0.023 
0.015 
0.015 
0.003 
1 

i i o  iir 
0.02t00.15 
0. os 

0.25 
<0.25 

0.24 
0.6 

95 
0.1 
1 

<o. 25 
0.1 
1 
0.5 
0.1 
1 
0.25 

> I S  
5 IO 26 

0 . 0 0 ~  10 0.05 

0.09 10 1.0 

0.8105 
M 10 30 
0.StOl 
0.5 
0.25 
0.25 
2.6 g a l i a u e ~ f w I  
0.082 

d 
I 
I 
I 
I 
I 
d 
1 
d 
d 
b. d. E 

d. I. E 
I 
d. 1. g 
I 
I 
t 
I 
d 
I 
d, e 
a 
d 

d 
d 
I 
I 
I 
d 
i 
d 
d 
a 
a 
e 
I 
d 
d 

d. I 

a. I 
a. I 
a 
a 
a 
d 
d 
c. h 
I 

Refereno key: 
a Bandl 1955?ll 

c English alal. 1963"' 
b BOeliUS 1954?'* 

d Felierolf 19M"S published the 1eSUltS Of A. W. WinSlQn. Jl. 01 the Dm Chemical Company. The data am 
also available in an undated mimeqnphed reIuII) of the company 

e Schulza 1 9 6 W  
I Shumway l 9 S W  
I Shumway. 0. 1. and 1. R. P a l e n s k p  unpublished d a b  (1911). 
h Surber. et al. 1 9 W O  
i Westman and Hoi7 1 9 6 P  

sity of off-flavor with proximity to the discharge of a paper 
mill using both the neutral sulfite and kraft processes. 

Shellfish have the ability to concentrate and store metals 
at levels greater than the concentrations in the water (see 
Section I, pp. 36-37, and Section IV, p. 240). Oyster flesh 
can liecome green-colored from copper accumulation. The 

copper content of normal-colored oyster flesh from uncon- 
taminated areas varied from 0.170 to 0.214 mg copper per 
oyster, or from 8.21 to 13.77 mg per 100 grams dry weight 
(Galtsoff and Whipple 193 I ,220 Galtsoff 1964*"). Oysters 
growing in adjacent areas slightly contaminated with copper 
salts had green-colored flesh and contained from 1.27 to 
2.46 mg copper per oyster, or from 121 to 271 mg per 100 
grams dry weight. 

If an effluent containing a variety of components is as- 
sociated with a tainting problem, identification of the taint- 
producing component or components is necessary for effi- 
cient isolation and removal in waste treatment. For ex- 
ample, Shumway ( 1966)n8 exposed salmon to various con- 
centrations of wastes and waste components discharged 
from a plant producing pesticides. Although concentrations 
of the combined wastes at about 50 to 100 mg/l were found 
to impart objectionable flavor to test fish, one of the major 
components of the plant waste, 2,4-dichlorophenol, was 
found capable of impairing flavor at esposure levels of 
n l m i i t  1 tn 3 us,/l. 

A preliminary laboratory study (English et al. 1963)2L4 
showed that outboard motor exhaust damages the quality 
of water in several ways, the most noticeable of which are 
unpleasant taste and odor in the water and off-flavoring 
of fish flesh. A later field study (Surber et al. 1965)230 
determined the threshold level of tainting of fish in pond 
and lake waters to be about 2.6 gal/acre-foot of fuel as 
exhaust, accumulating over a 2-month period. The gasoline 
used was regular grade, and the lubricating oil (W pint/gal) 
was a popular brand of packaged outboard motor oil. 

UPTAKE AND LOSS OF FLAVOR-IMPAIRING 
MATERIALS 

Esperiments involving method and rates of uptake and 
loss of flavor-impairing materials by aquatic organisms 
have been reported by few investigators. From data avail- 
able it is obvious that rates are highly variable. Thaysen 
and Pcntcloiv ( 1936)232 exposed trout to extract from 
odoriferous Actinomyces. They showed that fish exposed to 
10 ppm of extract acquired an off-flavor in one hour. 
The esposed fish were also removed and held in uncontami- 
nated water for periods up to five days. The level of tainting, 
which showed no diminution after 27 hours, became less 
marked after 2 to 3 days, and no tainting could be detected 
after 5 days in fresh water. 

Shumway and Palensky (unpublished data)239 exposed trout 
to three separate concentrations of each of the following 
chemicals, o-cresol, 2,4-dichlorophenol, pyridine; and 
n-butylmercaptan, for periods up to 168 hours. With all 
four chemicals, maximum off-flavor generally occurred in 
33.5 hours or less. In a few exceptions, a gradual increase 
in off-flavor appeared to occur with increasing time up to 
168 hours, although the magnitude of increase in off-flavor 
with t.me was minor in nature. In  tests with o-chlorophenol, 



*. 

Boetius ( 1954)212 reported that eels required up  to 11 days 
exposure before flavor impairment was detected. The time 
required to impair ilavor was found to be related to the 
exposure concentration, with low concentrations requiring 
longer exposure periods. 

Shumway (1966)ns found that the flesh of salmon exposed 
experimentally to industrial wastes containing mainly phe- 
nols acquired maximum off-flavor in 35 hours or less, with 
much of the tainting occurring within the first 6 hours. 
After the salmon were transferred to uncontaminated water, 
most of the acquired off-flavor was lost within 20 hours, 
although some off-flavor remained up  to 72 hours. 

In other tests, Shumway and Palensky (unpublished data)239 
observed flavor impairment in trout after 24-hour exposure 
to 2,4-dichlorophenol. After only 33.5 hours in uncontami- 
nated water, the flavor of the trout had returned to the 
preexposure level, with most of the reduction in off-flavor 
occurring within 6.5 hours. 

Korschgen et al. (1970)2n transferred carp ( Q r i n u s  
carpio) to uncontaminated ponds from two sites, one of 
which received effluents from a major municipality and one 
of which received little or no effluent. Retention up to 18 
days in the holding ponds failed to improve the flavor of the 
carp from the contaminated site. These authors also re- 
ported that channel catfish (Iclalurus punclalus) transferred 
from the Ohio River to control water lost about half of 
their off-flavor in 7 days and nearly all of i t  in 21 days. 

IDENTIFICATION 
ORGANISMS 

OF CAUSES OF OFF-FLAVORED 

Determination that a tainting problem exists, or identifi- 
cation of a taint-causing material, involves field or labora- 
tory exposure periods and organoleptic tests. Wnen properiy 
conducted, these tests are reiiabie but rime-consumirig. 
Wright (1966)235 reported on the use of gas chromatography 
in conjunction with organoleptic tests. The chromatographic 
scans were compared with scans of industrial process waste 
streams to identify the taint-producing wastes. Gas chro- 
matographic techniques are employed routinely in food 
technology laboratories investigating flavor and odor prop- 
erties (Rhoades and Millar 1965).226 

EXPOSURE AND ORGAffOLEPTIC TESTS 

Field exposure tests (bioassays) are used to determine 
the existence or the magnitude of a tainting problem in a 
water body. Fish or other edible aquatic life are held for a 
period of time in cages a t  selected locations in and around 
a suspected problem area or waste discharge and eventually 
evaluated for flavor. Laboratory bioassays are normally 
utilized to determine the tainting potential of wastes, waste 
components, or specific chemicals. Although either static 
or continuous-flow bioassays can be used in laboratory tests, 
continuous-flow systems are considered far superior to static 
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tests. Exposure bioassays are followed by the organoleptic 
evaluation of the flesh of the test organisms. 

In their studies of tainted organisms, investigators have 
used a number of different bioassay and flavor-evaluation 
procedures, some of which have produced poorly defined 
results. The following guidelines are based primarily on the 
successful procedures of Shumway and Newton (prrsonal 
c o m m u n i ~ a f i o n s ) . ~ ~ ~  

Test Fish 

The flesh of the fish to be exposed should be mild and 
consistent in flavor. For convenience in holding and taste 
testing, fish weighing between 200 and 400 grams are dc- 
sirable, although smaller or larger fish arc acceptable. 
Largemouth bass (A4icropterus salmoides), yellow perch (Perca 
jlavescens): channel catfish, bluegill (Lepornis rnocrodiirus), 
trout, salmon flatfishes (Pleuronectiformes), and others have 
proven to be acceptable test fish. 

Exposure Period 

In general, test fish should be exposed for a period not 
less than 48 hours. Shorter or longer exposures \vi11 be 
advisable in some situations, although possible stress, disease, 
and mortality resulting from longer retention of test fish 
and maintenance of holding facilities may negate advantages 
of long exposure. 

Exposure Conditions 

bioassays : 
The following conditions arc desirable i n  laboratory 

Dissolved oxygen. . . . . . . . near saturation 
Temperature. . , . . . . . . . . 10-15 C for salmonids, and 

20-25 C for warmwater fish . .  r n  ,.A p H .  . . . . . . . . . . . . . . . . , . . O.U-O.U, UI’ p1-1 ul’ l ~ ~ < ~ i i ~ i i - i g  

\*,a ie1- 
Light. .  . . . . . . . . . . . . . . . .intensity held at a low level 
Water,  . . . . . . . . . . . . . . . .uncontaminated, or quality 

of the receiving water; never 
distilled water 

Preparation of Test Fish and Evaluation 

Exposed fish and control fish, either fresh or fresh-frozen 
and subsequently thawed, are individually double-wrapped 
in aluminum foil, placed in an oven and cooked at  about 
375 F for 15 to 30 minutes, as size requires. Large fish may 
be portioned for cooking. No seasoning of any kind is 
added. Portions o f the  cooked fish may be placed in small 
coded cups and served warm to the judges for flavor cvalu- 
ation. A known “reference” may be provided to aid judges 
in making comparisons. A minimum of ten experienced 
judges, each seated in an isolation booth or similar area, 
smell, taste, and score each sample. This method offers 
tighter control of variables and conforms more to off-flavor 
evaluations conducted in food laboratories than the more 
informal procedure I~elow. 
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An alternative method is to place the cooked fish, still 
partially wrapped in foil to preserve the heat and flavor, 
on a large table. The judges start concurrently and work 
their way around the table, recording aroma and flavor. 
If a judge tastes more than six samples during a test, a 
lessening of organoleptic acuity may occur. 

When investigating the potential of a substance to pro- 
duce taint, a word-evaluation scale for intensity of off-flavor 
ranging from no off-flavor to extreme off-flavor, has proven 
successful with trained, experienced judges. Numerical 
values from 0 to 6 are applied to the word scale forrderi- 
vation of off-flavor indices and statistical evaluation. 

When using the above method, less experienced judges 
tend to over-react to slight off-flavor. For this reason, in 
less formal tests evaluating the effect of a substance on the 
palatability of the organism, an hedonic scale accompanied 
by word-judgments describing palatability is appropriate, 
i.e., O-excellent, I-very good, 2-good, 3-fair, &just 
acceptable, 5-not quite acceptable, G v e r y  poor, inedible, 
and 7-extremely poor, repulsive. Scores of the judges on 
each sample are averaged to determine final numerical or 
word-judgment values. 

T o  determine whether there are acceptability differences 
between controls and test organisms, a triangle test may be 
used in which two samples are alike and one is different. 
Judges are asked to select the like samples, to indicate the 

degree of difference, and to rate both the like and the odd 
samples on a preference scale. 

STATISTICAL EVALUATION 

The triangle test is particularly well adapted to statistical 
analysis, but the organoleptic testing necessary is more 
extensive than when hedonic scales are used. 

Application of the two-way analyses of variance to 
hedonic-scale data is an acceptable test, but professional 
assistance with statistical procedures is desirable. Reliance 
on the word-judgment system is sufficient for general infor- 
mation purposes. 

Recommenda9iono 

o To prevent tainting of fish and other edible 
aquatic organisms, it is recommended that sub- 
stances which cause tainting should not be pres- 
ent in water in concentrations that lower the 
acceptability of such organinrnn as 4etedned 
by exposure bioassay and organoleptic tests. 

o Values in Tables 111-9 and IIP-10 are recom- 
mended as guidelines in determining what con- 
centrations of wastes and substances in water 
may cause tainting of the flesh of fish or other 
aquatic organisms. 
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HEAT AND TEMPERATURE 

Living organisms do  not respond to the quantity of heat 
but to degrees of temperature or to temperature changes 
caused by transfer of heat. The  importance of temperature 
to acquatic organisms is well known, and the composition 
of aquatic communities depends largely on the temperature 
characteristics of their environment. Organisms have upper 
and lower thermal tolerance limits, optimum temperatures 
for growth, preferred temperatures in thermal gradients, 
and temperature limitations for migration, spawning, and 
egg incubation. Temperature also affects the physical 
environment of the aquatic medium, (e.g., viscosity, degree 
of ice cover, and oxygen capacity. Therefore, the com- 
position of aquatic communities depends largely on tem- 
perature characteristics of the environment. I n  recent 
years there has been an accelerated demand for cooling 
waters for power stations that release large quantities of 
heat, causing, or threatening to cause, either a warming of 
rivers, lakes, and coastal waters, or a rapid cooling when the 
artificial sources of heat are abruptly terminated. For these 
reasons, the environrrieiiLai t , u i i j c ~ u t l i t ~ i  \if t e i i i j x y z ~ ~ x  
changes must be cunsideied ifi z~sessi~;cii:s of ii’ater cjus!ity 
requirements of aquatic organisms. 

The  “natural” temperatures of surface waters of the 
United States vary from 0 C to over 40 C as a function of 
latitude, altitude, season, time of day, duration of flow, 
depth, and many other variables. The agents that affect 
the natural temperature are so numerous that it is unlikely 
that two bodies of water, even in the same latitude, would 
have exactly the same thermal characteristics. Moreover, a 
single aquatic habitat typically does not have uniform or 
consistent thermal characteristics. Since all aquatic or- 
ganisms (with the exception of aquatic mammals and a 
few large, fast-swimming fish) have body temperatures that 
conform to the water temperature, these natural variations 
create conditions that are optimum at times, but are 
generally above or below optima for particular physio- 
logical, behavioral, and competitive functions of the species 
present. 

Because significant temperature changes may affect the 
composition of an  aquatic or wildlife community, an  
induced change in the thermal characteristics of an eco- 

system may be detrimental. On the other hand, altered 
thermal characteristics may be beneficial, as evidenced in 
most fish hatchery practices and a t  other aquacultural 
facilities. (See the discussion of Aquaculture in Section IV.) 

The  general difficulty in developing suitable criteria for 
temperature (which would limit the addition of heat) lies 
in determining the deviation from “natural” temperature a 
particular body of water can experience without suffering 
adverse effects on its biota. \\%atever requirements are 
suggested, a “natural” seasonal cycle must be retained, 
annual spring and fall changes in temperature must be 
gradual, and large unnatural day-to-day fluctuations 
should be avoided. In  view of the many variables, it seems 
obvious that no single temperature requirement can be 
applied uniformly to continental or large regional areas; 
the requirements must be closely related to each body of 
water and to its particular community of organisms, 
especially the important species found in it.  These should 
include invertebrates, plankton, or other plant and animal 
!?e thy?! my?;, hc nf impcrt2nce to food chains or otherwise 
ifiterzct with species of direct interest to man. Since thermal 
requirements of various species differ, the social choicc of 
the species to be protected allows for different “levels of 
protection” among water bodies as suggested by Doudoroff 
and Shumway (1970)?’* for dissolved oxygen criteria. (See 
Dissolved Oxygen, p. 13 1 .) Although such decisions clearly 
transcend the scientific judgments needed in establishing 
thermal criteria for protecting selected species, biologists can 
aid in making them. Some measures useful in assigning 
levels of importance to species are: ( I )  high yield to com- 
mercial or sport fisheries, (2) large biomass in the existing 
ecosystem (if desirable), (3) important links in food chains 
of other species judged important for other reasons, and 
(4) “endangered” or unique status. If it is desirable to 
attempt strict preservation of an existing ecosystem, the 
most sensitive species or life stage may dictate the criteria 
selected. 

Criteria for making recommendations for water tem- 
perature to protect desirable aquatic life cannot be simply a 
maximum allowed change from “natura‘l temperatures.’’ 
This is principally because a change of even one degree from 
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an ambient temperature has varying significance for an  
organism, depending upon where the ambient level lies 
within the tolerance range. In  addition, historic tempera- 
ture records or, alternatively, the esisting ambient tempera- 
ture prior to any thermal alterations by man are not always 
reliable indicators of desirable conditions for aquatic 
populations. h%ultiple developments of water resourccs also 
change water temperatures both upward (e.g., upstream 
power plants or shallow reservoirs) and downward (e.g., 
deepwater releases from large reservoirs), so that “ambient” 
and “natural” are esceedingly difficult to define at  a given 
point over periods of several years. 

Criteria for temperature should consider both the multiple 
thermal requirements of aquatic species and rcquirements 
for balanced communities. The number of distance require- 
ments and the necessary values for each require periodic 
reesamination as knowledge of thermal effects on aquatic 
species and communities increases. Currently definable 
requirements include: 

0 maximum sustained temperatures that are con- 
sistent w i t h  maintaining desirable levels of pro- 
ductivity; 

0 maximum Icvels of metabolic acclimation to warm 
temperatures that will permit return to ambient 
winter temperatures should artificial sources of 
heat cease; 

0 temperature limitations for survival of brief esposures 
to temperature cstremes, both upper and lower; 

0 restricted tcmpcrature ranges for various stages of 
reproduction, including (for fish) gonad gro\vth and 
gamete maturation, spawning migration, release of 
gametcs, development of the cmbryo, commence- 
ment of indcpcnclent feeding (and other activities) 
by juveniles; and temperatures required for meta- 
morphosis, cmcrgence, and other activities of lower 
forms : 

0 thermal limits for diverse compositions of species of 
aquatic communities, particularly where reduction 
in diversity creates nuisance growths of certain 
organisms, or where important food sources or 
chains are altered; 

0 thermal requirements of downstream aquatic life 
where upstream warming of a cold-water source will 
adversely affect downstream temperature require- 
ments. 

Thermal criteria must also be formulated with knowledge 
of how man alters temperatures, the hydrodynamics of the 
changes, 2nd !:c::. :he ‘;is:a caii iea,u,,dbiy Lt: especred to 
interact with the thermal regimes produced. It is not 
sufficient, for example, to define only the thermal criteria 
for sustained production of a species in open waters, because 
large numbers of organisms may also be exposed to thermal 
changes by being pumped through the condensers and 
mising zone of a power plant. Design engineers need 

.’.. 

particularly to know the biological limitations to their 
design options in such instances. Such considerations may 
reveal nonthermal impacts of cooling processes that may 
outweigh temperature effects, such as impingement of fish 
upon intake screens, mechanical or chemical damage to 
zooplankton in condensers, or effects of altered current 
patterns on bottom fauna in a discharge area. The environ- 
mental situations of aquatic organisms (e.g., where they 
are, when they are there, in what numbers) must also be 
understood. Thermal criteria for migratory species should 
be applied to a ccrtain area only when the species is actually 
there. Although thermal effects of power stations are 
currently of great interest, other less dramatic causes of 
temperature change including deforestation, stream chan- 
nclization, and impoundment of flowing water must be 
recognized. 

DEVELOPMENT OF CRITERIA 

Thermal criteria necrGFary fer !!IC gmtect io~ cf spccic; ci 
corcmunities are discussed separately below. The  order of 
presentation of the different criteria does not imply priority 
for any one body of water. The descriptions define preferred 
methods and procedures for judging thermal requirements, 
and generally do not give’ numerical values (except in 
Appendis 11-C). Specific values for all limitations would 
require a biological handbook that is far beyond the scope 
of this Section. The criteria may seem complex, but they 
represent an extensively developed framework of knowledge 
about biological responses. (A sample application of these 
criteria begins on page 166, Use of Temperature Criteria.) 

TERMINOLOGY DEFINED 

Some basic thermal responses of aquatic organisms will 
be referred to repeatedly and are defined and reviewed 
briefly here. Effects of heat on organisms and aquatic 
communities have been reviewed periodically (e.g., Bullock 
1 955,?,j9 Brett 1 956;?j3 Fry I 947,276 ‘ 1  964,27s 1 967;279 Kinne 
1970’”). Some effects have been analyzed in the contest of 
thermal modification by power plants (Parker and Krenkel 
1969;30s Krenkel and Parker 1969;298 Cairns 1968;26L Clark 
I 969;*‘j3 and Coutant 1 9 7 0 ~ ~ ~ ~ ) .  Bibliographic information 
is available from Kennedy and Mihursky (1967),294 Raney 
and Menzel (1969),3L3 and from annual reviews published 
by the [Vater Pollution Control Federation (Coutant 
1968,”jj 1 969,266 1 9 7 0 ~ 1 , ~ ~ ~  197 12’”). 

Each species (and often each distinct life-stage of a species) 
has a characteristic tolerance range of temperature as a 
consequence of acclimations (internal biochemical adjust- 
ments) made while at  previous holding temperature (Figure 
111-2; Brett 1956?j3). Ordinarily, the ends of this range, or 
the lethal thresholds, are defined by survival of 50 per cent 
of a sample of individuals. Lethal thresholds typically are 
referred to as “incipient lethal temperatures,” and tem- 
perature beyond these ranges would be considered “ex- 

4 



treme.” The tolerance range is adjusted upward by ac- 
climation to warmer water and downward to cooler water, 
although there is a limit to such accommodation. The  
lower end of the range usually is a t  zero degrees centigrade 
(32 F) for species in temperate latitudes (somewhat less for 
saline waters), while the upper end terminates in an  
“ultimate incipient lethal temperature” (Fry et al. 1 9362s1). 
This ultimate threshold temperature represents the “break- 
ing point” between the highest temperatures to which an  
animal can be acclimated and the lowest of the extreme 
temperatures that will kill the warm-acclimated organism. 
Any rate of temperature change over a period of minutes 
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FIGURE IZI-&Upper and lower lethol temperotures for 
young sockeye salmon (Oncorhynchus nerka ) plotted to  
show the zone of tolerance. Within this zone two other zones 
ore represented to illustrate (1 ) o n  oreo beyond which growth 
would bepoor tonone-at-all under the influenceof the looding 
effect of metobolic demand, ond ( 2 )  a n  oreo beyond which 
temperature is likely to inhibit normol reproduction. 
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FIGURE Ill-3-Median resistonce times to high tempera- 
tures among young chinook (Oncorhynchus tshauytscha) 
acclimated to temperatures indicated. Line A - B  denotes 
rising lethol threshold (incipient lethal temperatures) with 
increosing occlirnation temperature. This rise eventually 
ceases ut the ult imate lethol threshold (ult imate upper 
incipient lethal temperature).  line B-C. 

to a few hours will not greatly affect the thermal tolerance 
limits, since acclimation to changing tcmpcratures requires 
several days (Brett 1941).25’ 

At the temperatures above and below the incipient lethal 
temperatures, survival depends not only on the temperature 
but also on the duration of exposure, with mortality oc- 
curring more rapidly the farther the temperature is from 
the threshold (Figure 111-3). (See Coutant 1970a267 and 
1970b2“* for further discussion based on both field and 
laboratory studies.) Thus, organisms respond to extreme 
high and low temperatures in a manner similar to the 
dosage-response pattern which is common to tosicants, 
pharmaceuticals, and radiation (Bliss 1 937).249 Such tests 
seldom extend beyond one week in duration. 

MAXIMUM ACCEPTABLE TEMPERATURES FOR 
PROLONGED EXPOSURES 

Specific criteria for prolonged esposure ( I  week or longer) 
must be defined for warm and for cold seasons. Additional 
criteria for gradual temperature (and life cycle) changes 
during reproduction and development periods are dis- 
cussed on pp. 162-165. 
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SPRING, SUMMER, AND FALL MAXIMA FOR 
PROLONGED EXPOSURE 

Occupancy of habitats by most aquatic organisms is 
often limited within the thermal tolerance range to tem- 
peratures somewhat below the ultimate upper incipient 
lethal temperature. This is the result of poor physiological 
performance at  near lethal levels (e.g., growth, metabolic 
scope for activities, appetite, food conversion efficiency), 
interspecies competition, disease, predation, and other 
subtle ecological factors (Fry 1951 ;277 Brett 1971256). This 
complex limitation is evidenced by restricted southern and 
altitudinal distributions of many species. On the other hand, 
optimum temperatures (such as those producing fastest 
growth rates) are not generally necessary a t  all times to 
maintain thriving populations and are often exceeded in 
nature during summer months (Fry 1951 ;277 Cooper 1953;264 
Beyerle and Cooper 1960;2'6 Kramer and Smith 196OZg7). 
Moderate temperature fluctuations can generally be 
tolerated as Inn5 2s 2. ma.siml.lrrr ~ p p e r  ! h i t  is net exceeded 
for long periods. 

A true temperature limit for esposures long enough to 
reflect metabolic acclimation and optimum ecological per- 
formance must lie somewhere between the physiological 
optimum and the ultimate upper incipient lethal tempera- 
tures. Brett ( 1960)254 suggested that a provisional long- 
term esposure limit be the temperature greater than opti- 
mum that allowed 75 per cent of optimum performance. 
His suggestion has not been tested by definitive studies. 

Esarnination of literature on performance, metabolic 
rate, temperature preference, growth, natural distribution, 
and tolerance of several species has yielded an apparently 
sound theoretical basis for estimating an upper temperature 
limit for long term esposure and a method for doing this 
with a minimum of additional research. New data will 
provide refinement, but this method forms a useful guide 
for the present time. The method is based on the general 
observations summarized here and in Figure 111-4(a, b, c). 

Performances of organisms over a range of tempera- 
tures are available in the scientific literature for a variety of 
functions. Figures 111-4 and b show three characteristic 
types of responses numbered 1 through 3, of which types I 
and 2 have coinciding optimum peaks. These optimum 
temperatures are characteristic for a species (or life stage). 

2. Degrees of impairment from optimum leve!s of 
various performance functions are not uniform with in- 
creasing temperature above the optimum for a single species. 
The  most sensitive function appears to be growth rate, for 

can be determined for important species and life stages. 
Growth rate of organisms appears to be an integrator of all 
factors acting on an organism. Growth rate should probably 
be expressed as net biomass gain or net growth (McComick 
et al. 1971)3m of the population, to account for deaths. 

The  maximum temperature a t  which several species 
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are consistently found in nature (Fry 1951;277 Narver 
1970)306 lies near the average of the optimum temperature 
and the temperature of zero net growth. 

Comparison of patterns in Figures I I I - ta  and b 
among different species indicates that while the trends are 
similar, the optimum is closer to the lethal level in some 
species than it is in sockeye salmon. Invertebrates exhibit ;L 
pattern of temperature effects on growth rate that is very 
similar to that of fish (Figure 111-4~).  

The  optimum temperature may be influenced by rate of 
feeding. Brett et al. (1969)257 demonstrated a shift in opti- 
mum toward cooler temperatures for sockeye salmon when 
ration was restricted. In  a similar experiment with channel 
catfish, Andrews and Stickney (1972)242 could see no such 
shift. Lack of a general shift in optimum may be due to 
compensating changes in activity of the fish (Fry personal 
obser~ation).~~~ 

These observations suggest that an  average of the opti- 
mum temperature and the temperature of zero net growth 
((OF;:. :ciq. -1- z.ii.g. teiiip)/;lj w u u i j  be a usefui estimate of 
a limiting weekly mean temperature for resident organisms, 
providing the peak temperatures do not exceed values 
recommended for short-term exposures. Optimum growth 
rate would generally be reduced to no lower than 80 per cent 
of the masimum if the limiting temperature is as averaged 
above (Table 111-11). This range of reduction from opti- 
mum appears acceptable, although there are no quantita- 
tive studies available that would allow the criterion to be 
based upon a specific level of impairment. 

The criteria for maximum upper temperature must allow 
for seasonal changes, because different life stages of many 
species will have different thermal requirements for the 
average of their optimum and zero net growths. Thus a 
juvenile fish in May will be likely to have a lower maximum 
acceptable temperature than will the same fish in July, and 
this must be reflectid in the thermal criteria for a waterbody. 

4. 

TABLE Ill-11-Summary of Some Upper Limiting 
Temperatures in C,  (for periods longer than one week) 
Based Upon Optimum Temperatures and Temperatures 

of Zero Net Growth. 

opt+LW %of  
SMES Optimum Zoronet Relaanso - optimum 

lrm 2 

Catmtomus cammermni (wYb sutko). . . . . 
Coregonos utadii (am 01 bko herring)). . . . 

ltmims pumtut (channel =ma). . . . . . . . 
._._ .................................... 

Lspomisnwochinu(blu~ll)&edr 11) ..... 
Miuopicrnrralmoidm(bqemrmthban) .... 
Nobopis aUlminddoa (omerald shiner). . . . . . 
klrcfinor fontinaGr (brooh bout). . . . . . . . . . . 

n 19.6 
16 21.2 

30 3.1 
30 u.1 

27.5 3 
n u  
12 28.5 

15.4 10.0 

28.1 88 
18.6 92 

12.0 94 
12.0 OD 

25.1 92 
30.0 D1 

17.1 D 
30.5 
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While this approach to developing the maximum sus- 
tained temperature appears justified on the basis of available 
knowledge, few limits can be derived from existing data in 
the literature on zero growth. On the other hand, there is a 

sizeable body of data on the ultimate incipient lethal 
temperature that could serve as a substitute for the data on 
temperature of zero net growth. A practical consideration 
in recommending criteria is the time required to conduct 
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research necessary to provide missing data. Techniques for 
determining incipient lethal temperatures are standardized 
(Brett 1952)252 whereas those for zero growth are not. 

A temperature that is one-third of the range between the 
optimum temperature and the ultimate incipient lethal 
temperature that can be calculated by the formula 

ultimate incipient lethal temp.-optimum temp. 
3 

optimum temp. + 
(Eqrrotion I )  

yields values that are very close to (optimum temp. + 
z.n.g. temp.)/2. For example, the values are, respectively, 
32.7 and 32.8 C for channel catfish and 30.6 and 30.8 for 
largemouth bass (data from Table 111-8 and Appendix 11). 
This formula offers a practical method for obtaining allow- 
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FIGURE I I I 4 c - M .  mercenaria: The general relationship 
between temperature and the rate of shell growth, based on 
field measurements of growth and temperature. 

0: sites in Poole Harbor. Englond; 0: North Amerricon sites. 
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able limits, while retaining as its scientific basis the require- 
ments of preserving adequate rates of growth. Some limits 
obtained from data in the literature are given in Table 
111-12. A hypothetical example of the effect of this limit on 
growth of largemouth bass is illustrated in Figure 111-5. 

Figure 111-5 shows a hypothetical example of the effects 
of the limit on maximum weekly average temperature on 
growth rates of juvenile largemouth bass. Growth data as a 
function of temperature are from Strawn 1961 319; the ambi- 
ent temperature is an averaged curve for Lake Norman, 
N. C., adapted from data supplied by Duke Power Com- 
pany. A general temperature elevation of 10 F is used to 
provide an extreme example. Incremental growth rates 
(mm/wk) are plotted on the main figure, while annual ac- 
cumulated growth is plotted in the inset. Simplifying as- 
sumptions were that growth rates and the relationship of 
growth rate to temperature were constant throughout the 
year, and that there would be suficient food to sustain 
maximum'attainable growth rates at all times. 

The criterion for a specific location would be determined 
by the most sensitive life stage of an important species 
likely to be present in that location at  that time. Since 
many fishes have restricted habitats (e.g., specific depth 
zones) at  many life stages, the thermal criterion must be 
applied to the proper zone. There is field evidence that fish 
avoid localized areas of unfavorably warm water. This has 
been demonstrated both in lakes where coldwater fish 
normally evacuate warm shallows in summer (Smith 
1964)3*8 and at  power station mixing zones (Gammon 
1970;282 Merriman et al. 1965).304 In  most large bodies of 
water there are both vertical and horizontal thermal 
gradients that mobile organisms can follow to avoid un- 
favorable high (or low) temperatures. 

-. miving . . . - - -. znnes that nccrlpy 2 small percentage of the suitable 
habitat or necessarily to all zones where organisms have 
free egress to cooler water. The  maxima must apply, how- 
ever, to restricted local habitats, such as lake hypolimnia or 
thermoclines, that provide important summer sanctuary 
areas for cold-water species. Any avoidance of a warm area 
not part of the normal seasonal habitat of the species will 
mean that less area of the water body is available to support 
the population and that production may be reduced. Such 
reduction should not interfere with biological communities 
or populations of important species to a degree that is 
damaging to the ecosystem or other beneficial uses. Non- 
mobile organisms that must remain in the warm zone will 
probably be the limiting organisms for that location. Any 
recommendation for upper limiting temperatures must be 
applied carefully with understanding of the population 
dynamics of the species in question in order to establish 
both local and regional requirements. 

Thr SCl?lrnC'T mr\:irn? ne?! fist, !herefC(rP) 2pp!1' ?n 
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FIGURE III-S-A hypotheticul example of the eflects of the limit on maximum weekly 
average temperature on growth rates of juvenile largemouth bass. Growth data as a function 
of temperature are from Strawn 1961; the ambient temperature is an averaged curve for Lake 
Norman. N.C., adapted from data supplied by Duke Power Company. A general temperature 
elevation of 10 F is  used toprovide an  extreme example. Incremental growth rates (mmlwk) 
are plotted on the main jigure, while annual accumulated growth is plotted in the inset. 
Simplifying assumptions were that growth rates and the relationship of growth rate to tem- 
perature were constant throughout the year, and that there would be sufficient food to sus- 
tain maximum attainable growth rates a t  all times. 
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TABLE Ill-12-Summoryof Some Upper Limiting Temperotures for Prolonged Exposures of Fishes Based on Optimum Tem- 
perotures ond Ultimate Upper Incipient Lethal Temperatures (Equation 1 ) .  

Optimum Ultimato upper indpiont Masimom mkb armgo 
Speciet Function Relerenm lethal tompantorn RelerCW tempontun (4 1) 

C F C F C F 

Calostomus commersoni (wllito sucker). ..... 
Core(onu1 artedii (Cisco or lake herfin g)... .. 
lclalurus punttalus (channel afflsh). ........ 

Lepomis mauorhirur(blucgill) (yr II).. 

MiUOpteNt dolomieu (smallmouth bau). 

MioDpterus salmmdat (Iareemooth bassXlrj). 

Oncorhynchus nerka (rotkoyo salmon )... .... 

(juveniles). ............................. 

flounder) ............................... 
Salmotrum (brown trout) .................. 

Notrops alhEnnmdet (emerald shiner) ....... 

PseudopIeuroneclos Amoritanus (winter 

C-I".,:... .I .-  e;..,:. R .. .C I."",, ...................... .\-.--.. - --.... ......... 

Salvelinus uamycush (lake trout).. ......... 

21 
16 
30 

n 
16. 3 
28.3 

avo 21.3 
21.5 
21 
15.0 
15.0 
15.0 

18.0 
8 IO I1 
I V E  12.5 

!!.! 
11.0 
I5 

avu 14.5 
16 

11 
avo 16.5 

110.6 
60.0 
86 

11.6 

a3 
a3 
81.1 
81.5 
Bo. 6 
59.0 
59.0 

64.4 
54.5 

5P.l 
55.4 
59 
58.1 
60. 0 

62.6 
61.1 

29.3 84.1 
25.1 18.3 
38.0 100.4 

33.8 92. 0 

35.0 95.0 

36.4 91.5 
30. 1 87.1 
25.0 no 

29.1 114.4 
n. 5 11.1 

25.5 71.9 

n.5 

Hart 1 9 4 P  
Edsall and C o w  1 9 l W  
Allen and S l n w n  1 9 W o  

Hart 1951" 

Horninp and Pwrron 1 9 1 W  

Hall and Westman 1 9 W *  
Bishai 196otrl 

FR. Hart and Walker, 194Pal 

Gibson and Frj 1 9 W J  

n. o 82 
19.2 66.6 
12.1 90.9 

25.9 10.6 

29.9 85.0 

a. 5 6.1 

10.1 €4.9 
28.2 n. o 

21.8 11.2 
16.2 61.2 

18.2 64.8 

18.8 65.8 

Heat added to upper reaches of some cold rivers can be 
retained throughout the river's remaining length (Jaske 
and Synoground 1970).292 This factor adds to the natural 
trend of warming at  distances from headwaters. Thermal 
additions in headwaters, therefore, may contribute sub- 
stantially to reduction of cold-water species in downstream 
areas (Mount 1970).305 Upstream thermal additions should 
be evaluated for their effects on summer maxima at  down- 
stream locations, as well as in the immediate vicinity of 
the heat source. 

WINTER MAXIMA 

Although artificially produced temperature elevations 
during winter months may actually bring the temperature 
closer to optimum or preferred temperature for important 
species and attract fish (Trembley 1965),32L metabolic 
acclimation to these higher levels can preclude safe return 
of the organism to ambient temperatures should the 
artificial heating suddenly cease (Pennsylvania Fish Com- 
mission 1971;3L0 Robinson 1970)316 or the organism be 
driven from the heat area. For example, sockeye salmon 
(Oncoriynchus nerka) acclimated to 20 C suffered 50 percent 
mortality in the laboratory when their temperature was 
dropped suddenly to 5 C (Brett 1971 :25e see Figure 111-3). 
The same population of fish withstood a drop to zero when 
acclimated to 5 C. The lower limit of the range of thermal 
tolerance of important species must, therefore, be main- 
tained a t  the normal seasonal ambient temperatures 
throughout cold seasons, unless special provisions are made 
to assure that rapid temperature drop will not occur or that 
organisms cannot become acclimated to elevated tempera- 
tures. This can be accomplished by limitations on tempera- 
ture elevations in such areas as discharge canals and mixing 
zones where organisms may reside, or by insuring that 
maximum temperatures occur only in areas not accessible 
to important aquatic life for lengths of time sufficient to 
allow metabolic acclimation. Such inaccessible areas would 
include the high-velocity zones of diffusers or  screened dis- 
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Recommendation 

Growth of aquatic organisms would be main- 
tained at levels necessary for sustaining actively 
growing and reproducing populations if the maxi- 
mum weekly average temperature in the zone in- 
habited by the species at that time does not exceed 
one-third of the range between the optimum tem- 
perature and the ultimate upper incipient lethal 
temperature of the species (Equation 1, page 157). 
and the temperatures above the weekly average do 
not exceed the criterion for short-term exposures. 
This maximum need not apply to acceptable mix- 
ing zones (see proportional relationships OP mixing 
zones to receiving systems, p. 114), and must be 
applied with adequate understanding of the normal 
seasonal distribution of the important species. 
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charge channels. This reduction of maximum temperatures 
would not preclude use of slightly warmed areas as sites for 
intense winter fisheries. 

This consideration may be important in some regions a t  
times other than in winter. The Great Lakes, for esample, 
are susceptible to rapid changes in elevation of the thermo- 
cline in summer which may induce rapid decreases in 
shoreline temperatures. Fish acclimated to exceptionally 
high temperatures in discharge canals may be killed or 
severely stressed without changes in power plant opera- 
tions (Robinson 1968).3L4 Such regions should take special 
note of this possibility. 

Some numerical values for acclimation temperatures and 
lower limits of tolerance ranges (lower incipient lethal 
temperatures) are given in Appcndis 11-C. Other data must 
be provided by further research. There are no adequate 
data available with which to estimate a safety factor for no 
stress from cold shocks. Esperiinents currently in progress, 
however, suggest that channel catfish fingerlings are more 
susceptible to predation after being cooled morc than 5 to 
6 C (Coutant, irn~u6lishcd data).324 

The effects of limiting icc formation in lakes and rivers 
should be carefully observed. This aspect of masimum 
winter temperatures is apparent, although there is insuffi- 
cient evidence to estimate its importance. 

Recommendation 

Important species should be protected if the 
maximum weekly average temperature during win- 
ter months in any area to which they have access 
does not exceed the acclimation temperature 
(minus a 2 C safety factor) that raises the lower 
lethal threshold temperature of such species above 
the normal ambient water temperatures for that 
season, and the criterion for short-term exposures 
is not exceeded. This recommendation applies es- 
pecially to locations where organisms may be at- 
tracted from the receiving water and subjected to 
rapid thermal drop, as in the low velocity areas of 
water diversions (intake or discharge), canals, and 
mixing zones. 

SHORT-TERM EXPOSURE TO EXTREME TEMPERATURE 

T o  protect aquatic life and yet allow other uses of the 
water, i t  is essential to know the lengths of time organisms 
can survive extreme temperatures (ix., temperatures that 
exceed the 7-day incipient lethal temperature). Both 
natural environments and power plant cooling systems can 
briefly reach temperature extremes (both upper and lower) 
without apparent detrimental effect to the aquatic life 
(Fry 1951;277 Becker et al. 1971).245 

The length of time that 50 per cent of a population will 
survive temperature above the incipient lethal temperature 
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can be calculated from a regression equation of experi- 
mental data (such as those in Figure 111-3) as follows: 

log (time) = a + b  (temp.) (Equalion 2) 

where time is expressed in minutes, temperature in degrees 
centigrade and where a and b are intercept and slope, 
respectively, which are characteristics of each acclimation 
temperature for each species. In some cases the time- 
temperature relationship is morc complex than the semi- 
logarithmic model given above. Equation 2, however, is 
the most applicable, and is generally accepted by the 
scientific community (Fry 1967).279 Caution is recom- 
mended in extrapolating beyond the data limits of the 
original research (Appendix 11-C). The rate of temperature 
change does not appear to alter this equation, as long as the 
change occurs more rapidly than over several days (Brett 
1941 Lemke 1970).300 Thermal resistance may be 
diminished by the simultaneous presence of toxicants or 
other debilitating factors (Ebel et al. 1970,273 and summary 
by Coutant 1 9 7 0 ~ ) . ? ~ ~  The  most accurate predictability can 
be derived from data collected using watcr from the site 
under evaluation. 

Becausc the equations based on research on thermal 
tolerance predict 50 per cent mortality, a safety factor is 
needed to assure no mortality. Several studies have indi- 
cated that a 2 C reduction of an upper stress temperature 
results in no mortalities within an equivalent exposure 
duration (Fry et al. 1942;?*O Black 1953).?'* The  validity 
of a two degree safety factor was strengthened by the results 
of Coutant (1970a).267 He  showed that about 15 to 20 
per cent of the exposure time, for median mortality a t  a given 
high temperature, induced selective predation on thermally 
shocked salmon and trout. (This also amounted to reduction 

pub!ishec! data frnm suhs~n,ue_n.t predaticn esperin?ents 
showed that this reduction of about 2 C also applied to the 
incipient lethal temperature. The level at  which there is no 
increased vulnerability to predation is the best estimate of a 
no-stress exposure that is currently available. No similar 
safety factor has been explored for tolerance of low tem- 
peratures. Further research may determine that safety 
factors, as well as tolerance limits, have to be decided 
independently for each species, life stage, and water quality 
situation. 

Information needed for predicting survival of a number 
of species of fish and invertebrates under short-term condi- 
tions of heat extremes is presented in Appendix 11-C. This 
information includes (for each acclimation temperature) 
upper and lower incipient lethal temperatures : coefficients 
a and b for the thermal resistance equation; and information 
on size, life stage, and geographic source of the species. 
I t  is clear that adequate data are available for only a small 
percentage of aquatic species, and additional research is 
necessary. Thermal resistance information should be 
obtained locally for critical areas to account for simul- 
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taneous presence of toxicants or other debilitating iactors, 
a consideration not reflected in Appendix 11-C data. More 
data are available for upper lethal temperatures than for 
lower. 

The resistance time equation, Equation 2, can be 
rearranged to incorporate the 2 C margin of safety and also 
to define conditions for survival (right side of the equation 
less than or equal to I )  as follows: 

time 
Io[n+b(temp.+Z)) 

(Equation 3) 

Low levels of mortality of some aquatic organisms are not 
necessarily detrimental to ecosystems, because permissible 
mortality levels can be established. This is how fishing or 
shellfishing activities are managed. Many states and inter- 
national agencies have established elaborate systems for 
setting an  allowable rate of mortality (for sport and com- 
mercial fish) in order to assure needed reproduction and 
survival. (This should not imply, however, that a form of 
pollution should be allowed to take the entire harvestable 
yield.) IVarm discharge water from a power plant may 
sufficiently stimulate reproduction of some organisms (e.g., 
zooplankton), such that those killed during passage through 
the maximally heated areas are replaced within a few hours, 
and no impact of the mortalities can be found in the open 
water (Churchill and Wojtalik 1969;?bZ Heinle 1969).283 
O n  the other hand, Jensen (1971)z93 calculated tha t  even 
five percent additional mortality of 0-age brook trout 
(Saluelinus fontinalis) decreased the yield of the trout fishery, 
and 50 per cent additional mortality would, theoretically. 
cause extinction of the population. Obviously, there can be 
no adequate generalization concerning the impact of short- 
term effects on entire ecosystems, for each case will be 
somewhat different. Future research must be directed 
toward determining the effects of local temperature stresses 
on population dynamics. A complete discussion will not be 
attempted here. Criteria for complete short-term protection 
may not always be necessary and should be applied with an  
adequate understanding of local conditions. 

Recommendation 

Unless there is justifiable reason to believe it 
unnecessary for maintenance of populations of a 
species, the right side of Equation 3 for that 
species should not be allowed to increase above 
unity when the temperature exceeds the incipient 
lethal temperature minus 2 C: 

time 
1 \  

' L  10Io+b(ternp.+?)l 

Values for D and b at the appropriate acclimation 
temperature for some species can be obtained from 
Appendix 1 1 4  or through additional research if 
necessary data are not available. This recommen- 

dation applies to al! locatims where orgsnisrr-s to 
be protected are exposed, including areas within 
mixing zones and water diversions such as power 
station cooling water. 

REPRODUCTION AND DEVELOPMENT 

The sequence of events relating to gonad growth and 
gamete maturation, spawning migration, release of gametes, 
development of the egg and embryo, and commencement 
of independent feeding represents one of the most complex 
phenomena in nature, both for fish (Brett 1970)255 and 
invertebrates (Kinne 1970).296 These events are generally 
the most thermally sensitive of all life stages. Other environ- 
mental factors, such as light and salinity, often seasonal in 
nature, can also profoundly affect the response to tempera- 
ture (Wiebe 1968).323 The  general physiological state of the 
organisms (e.g., energy reserves), which is an integration of 
previous history, has a strong effect on reproductive poten- 
tial (Kinne 1970).296 The  erratic sequence of failures and 
succe::~: cf rliRerpfit y p ~ r  r!isscs nf lake fish attests to the 
unreliability of natural conditions for providing optimum 
reproduction. 

Abnormal, short-term temperature fluctuations appear to 
be of greatest significance in reduced production of juvenile 
fish and invertebrates (Kinne, 1963).296 Such thermal 
fluctuations can be a prominent consequence of water use 
as in hydroelectric power (rapid changes in river flow rates), 
thermal electric power (thermal discharges at  fluctuating 
power levels), navigation (irregular lock releases), and 
irrigation (irregular water diversions and wasteway re- 
leases). Jaske and Synoground ( 1970)292 have documented 
such temperature changes due to interacting thermal and 
hydroelectric discharges on the Columbia River. 

Tolerable limits or variations of temperature change 
throughout development, and particularly at the most 
sensitive life stages, differ among species. There is no 
adequate summary of data on such thermal requirements 
for successful reproduction. The  data are scattered through 
many years of natural history observations (however, sce 
Breder and Rosen 1966250 for a recent compilation of some 
data; also see Table 111-13). High priority must be assigned 
to summarizing existing information and obtaining that 
which is lacking. 

Uniform elevations of temperature by a few degrees 
during the spawning period, while maintaining short-term 
temperature cycles and seasonal thermal patterns, appear 
to have little overall effect on the reproductive cycle of 
resident aquatic species, other than to advance the timing 

are often seen in nature, although no quantitative measure- 
ments of reproductive success have been made in this 
connection. For example, thriving populations of many 
fishes occur in diverse streams of the Tennessee Valley in 
which the date of the spawning temperature may vary in a 
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TABLE 111-13-Spowning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures 
(Adopted from Wojtalik, T .  A., unpublished manwm>t)* 
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TABLE Ill-13-Spawning Requirements of Some Fish. Arranged in Asceridi'rig Order of Spawning Te7iiperatures-Ccntk::L.c"d 

flrhm Tomb (C) Spawning rib Ranto i n  spawning drplh Oaiiy sparming limo Egg db lnruhation pari04 
days (Tamp C) 

BlUO camah 
l c t a h n t l ~ l ~ ~ ~ ~ . t m  .................................. 22.2 
b lhead  &Ish 
Pylodictis ofinfir.. ................................ 22.2 
Rsdwr runfith 
Lopoms microlophur.. ............................. 23.0 
bnpr sunfish 
L mogalotir ....................................... n.3 
Frarhwalu drum 
llDfodinolur mnnions. ............................. 21.0 
Ritw cafpmku 
Caw'doscarpio ................................... 23.9 
Swnod bullhwd 
Iclalnrus macanlhut. ............................. 26.1 
Y o l h  bunhead 
1. MbOs ............................... 

lnthos tn 10 1631 ....................................................................... Quint. various 

Quiol. rlgllm 1!(-4fW! ..................... 

* T. A Wojlalilr. Tonnotroo Val lq Lulhmity. #urd0 Shmla, Abhama.~  

given year by 22 to 65  days. Examination of the literature 
shows rnar shifts irk spawiiiirg dates by iicarly onc mo;.:h 
are common in natural waters throughout the U.S. Popula- 
tions of some species a t  the southern limits of their dis- 
tribution are exceptions, e.g., the lake whitefish (Coregonus 
clupeaformis) in Lake Erie that require a prolonged, cold 
incubation period (Lawler 1965)2g9 and species such as 
yellow perch (PercaJavescens) that require a long chill period 
for egg maturation prior to spawning (Jones, unpublished 
data). 327 

This biological plasticity suggests that the annual spring 
rise, or fall drop, in temperature might safely be advanced 
(or delayed) by nearly one month in many regions, as long 
as the thermal requirements that are necessary for migra- 
tion, spawning, and other activities are not eliminated and 
the necessary chill periods, maturation times, or incubation 
periods are preserved for important species. Production of 
food organisms may advance in a similar way, with little 
disruption of food chains, although there is little evidence to 
support this assumption (but see Coutant 1968;265 Coutant 
and Steele 1968;"' and Nebeker 1971).307 The process is 
similar to the latitudinal differences within the range of a 
given species. 

Highly mobile species that depend upon temperature 
synchrony among widely different regions or environments 
for various phases of the reproductive or rearing cycle (e.g., 
anadromous salmonids or aquatic insects) could be faced 
with dangers of dis-synchrony if one area is warmed, but 
another is not. Poor long-term success of one year class of 
Fraser River (British Columbia) sockeye salmon (Oncorhyn- 
chus nerkaj was attributed to eariy (ana 'nighiy succeshii; 
fry production and emigration during an abnormally warm 
summer followed by unsuccessful, premature feeding 
activity in the cold and still unproductive estuary (Vernon 
1958).322 Anadromous species are able, in some cases, (see 
studies of eulachon (Thaleichthys pac$cus) by Smith and 

Saalfeld 1955)3*7 to modify their migrations and spawning 

wherever they occur. 
Rates of embryonic development that could lead to pre- 

mature hatching are determined by temperatures of the 
microhabitat of the embryo. Temperatures of the micro- 
habitat may be quite different from those of the remainder 
of the waterbody. For example, a thermal effluent at the 
temperature of maximum water density (approximately 
4 C) can sink in a lake whose surface water temperature 
is colder (Hoglund and Spigarelli, 1 972).290 Incubating 
eggs of such species as lake trout (Saluelinus namaycush) and 
various coregonids on the lake bottom may be intermittently 
exposed to temperatures warmer than normal. Hatching 
may be advanced to dates that are too early for survival of 
the fry in their nursery areas. Hoglund and Spigarelli 
1972,290 using temperature data from a sinking plume in 
Lake Michigan, theorized that if lake herring (Coregonus 
arfedii) eggs had been incubated at  the location of one ot 
their temperature sensors, the fry would have hatched 
seven days early. Thermal limitations must, therefore, apply 
at the proper location for the particular species or life stage 
to be protected. 

Recommendations 

After their specific limiting temperatures and 
exposure times have been determined by studies 
tailored td local conditions, the reproductive ac- 
tivity of selected species will be protected in areas 
where : 

cci-ci& :.:ith prone' r--  tcm-neratiirps r - -  - - --- whenever 2nd 

6 periods i-eqc;i& fsr gonad g:cyth "=A, nnmotn e------- 
maturation are preserved; 

o no temperature differentials are created that 
block spawning migrations, although some delay 
or advancement of timing based upon local con- 
ditions may be tolerated; 
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temperatures are not raised to a level a t  which 
necessary spawning or incubation temperatures 
of winter-spawning species cannot occur; 
sharp temperature changes are not induced in 
spawning areas, either in mixing zones or in 
mixed water bodies (the thermal and geographic 
limits to such changes will be dependent upon 
local requirements of species, including the 
spawning microhabitat, e&., bottom gravels, 
littoral zone, and surface strata); 
timing of reproductive events is not altered to 
the extent that synchrony is broken where repro- 
duction or rearing of certain life stages is shown 
to be dependent upon cyclic food sources or other 
factors at  remote locations. 
normal patterns of gradual temperature changes 
throughout the year are maintained. 

These requirements should supersede all others 
during times when they apply. 

CHANGES IN STRUCTURE OF AQUATIC COMMUNITIES 

Significant change in temperature or in thermal patterns 
over a period of time may cause some change in the com- 
position of aquatic communities (i.c., the species represented 
and the numbers of individuals in each species). This has 
been documented by field studies at  power plants (Trembley 
1956-3 960)3?1 and by laboratory invcstigations (McIntyre 
1 968).303 Allowing temperature changes to alter significantly 
the community structure in natural waters may be detri- 
mental, cven though species of direct importance to man 
are not eliminated. 

The limits of allowable change in species diversity due to 

tn an): nther  pnllutant. This general topic is treated in 
detail in reviews by others (Brookhaven National Lab. 
1969)25* and is discusscd in -4ppendix 11-B, Community 
Structure and Diversity Indices, p. 408. 

NUISANCE ORGANISMS 

t.cm;?er?tnrc c!?’IlgPs s!?nL!!d llnt rlitrpr frnm !!?we 2!?9!icd>!e 

Alteration of aquatic communities by the addition of heat 
may occasionally result in growths of nuisance organisms 
provided that other environmental conditions essential to 
such growths (e.g., nutrients) exist. Poltoracka (1968)311 
documented the growth stimulation of plankton in an 
artificially heated small lake; Trembley (1 965”’) re- 
ported dense growths of attached algae in the discharge 
canal and shallow discharge plume of a power station (where 
the algae broke loose periodically releasing decomposing 
organic matter to the receiving water). Other instances of 
algal growths in effluent channels of power stations were 
reviewed by Coutant ( 1 9 7 0 ~ ) . * ~ ~  

Changed thermal patterns (e.g., in stratified lakes) may 
greatly alter the seasonal appearances of nuisance algal 
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growths even though the temperature changes are induced 
by altered circulation patterns (e.g., artificial destratifica- 
tion). Dense growths of plankton have been retarded in 
some instances and stimulated in others (Fast 1968;275 and 
unpublished dala 197 l) .3?5 

Data on temperature limits or thermal distributions in 
which nuisance growths will be produced are not presently 
available due in part to the complex interactions with other 
growth stimulants. There is not sufficient evidence to say 
that any temperature increase will necessarily result in 
increased nuisance organisms. Careful evaluation of local 
conditions is required for any reasonable prediction of 
effect. 

Recommendation 

Nuisance growths of organisms may develop 
where there are increases in temperature or alter- 
ations of the temporal or spatial distribution of 
heat in water. There should be careful evaluation 
of all factors contributing to nuisance growths a t  
any site before establishment of thermal limits 
based upon this response, and temperature limits 
should be set in conjunction with restrictions on 
other factors (see the discussion of Eutrophication 
and Nutrients in Section I). 

CONCLUSIONS 

Recommendations for temperature limits to protect 
aquatic life consist of the following two upper limits for any 
time of the year (Figure 111-6). 

1. One limit consists of a maximum weekly average 
temperature that : 

in the warmer months (e.g., April through 
October in the North, and March through 
November in the South) is one third of the range 
between the optimum temperature’ and the 
ultimate upper incipient lethal temperature for the 
most sensitive important species (or appropriate 
life stage) that is normally found at that location a t  
that time; or 
in the cooler months (e.g., mid-October to mid- 
April in the North, and December to February in 
the South) is that elevated temperature from which 
important species die when that elevated tem- 
perature is suddenly dropped to the normal 
ambient temperature, with the limit being the 
acclimation temperature (minus a 2 C safety 
factor), when the lower incipient lethal tempera- 
ture equals the normal ambient water temperature 
(in some regions this limit may also be applicable 
in summer) ; or 
during reproduction seasons (generally April- June 
and September-October in the North, and March- 
May and October-November in the South) is that 
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temperature that meets specific site requirements 
for successful migration, spawning, egg incubation, 
fry rearing, .and other reproductive functions of 
important species; or 

(d) a t  .a specific site is found necessary to preserve 
normal species diversity or prevent undesirable 
growths of nuisance organisms. 

The second limit is the time-dependent maximum 
temperature for short exposures as given by the species- 
specific equation: 

2. 

time 
~0ln+b(ternp.+Z)l  

Local requirements for reproduction should supersede 
all other requirements when they are applicable. Detailed 
ecological analysis of both natural and man-modified 
aquatic environments is necessary to ascertain when these 
requirements should apply. 

F 
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USE OF YEMPERAYUWE CWIPERDA 

A hypothetical electric power station using lake water for 
cooling is illustrated as a typical example in Figure 111-7. 
This discussion concerns the application of thermal criteria 
to this typical situation. 

The size of the power station is 1,OOO megawatts electric 
(MW,) if nuclear, or 1,700 MW, if fossil-fueled (oil, coal, 
gas); and it releases 6.8 billion British Thermal Units 
(BTU) per hour to the aquatic environment. This size is 
representative of power stations currently being installed. 
Temperature rise a t  the condensers would be 20 F with 
cooling water flowing at the rate of 1,520 cubic feet/second 
(ft3/sec) or 682,000 gallons/minute. Flow could be in- 
creased to reduce temperature rise. 

The schematic Figure 111-7 is drawn with two alternative 
discharge arrangements to illustrate the extent to which 
design features affect thermal impacts upon aquatic life 
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Warm condenser water can be carried from the station to 
the lake by (a) a pipe carrying water at  a high flow velocity 
or (b) a canal in which the warm water flows slowly. There 
is little cooling in a canal, as measurements a t  several 
existing power stations have shown. \\'ater can be released 
to the lake by using any of several combinations of water 
velocity and volume (Le., number of outlets) or outlet 
dimensions and locations. These design features largely 
determine the configuration of the thermal plumes illus- 
trated in Figure 111-7 resulting from either rapid dilution 
with lake water or from slow release as a surface layer. The 
isotherms were placed according to computer simulation 
of thermal discharges (Pritchard 1971)312 and represent a 
condition without lake currents to aid mixing. 

Exact configuration of an actual plume depends upon 
many factors (some of which change seasonally or even 
hourly) such as local patterns of currents, wind, and bottom 
and shore topography. 

A no I yti ca I Steps 

Perspective of the organisms in the water body and of the 
pertinent non-biological considerations (chemical, hy- 
drological, hydraulic) is an essential beginning. This 
perspectivc requires a certain amount of literature survey 
or on site study if  the information is not well known. Two 
steps are particularly important: 

1 .  identification of the important species and com- 
munity (primary production, species diversity, etc.) that are 
relcvant to this site; and 

determination of life patterns of the important species 
(seasonal distribution, migrations, spawning areas, nursery 
and rearing areas, sitcs of commercial or sport fisheries). 
This information should include as much specific informa- 
tion on thermal requirements as i t  is possible to obtain 
from the literature. 

2. 

Other steps relate the life patterns and environmental 
requirements of the biota to the sources of potential thermal 
damage from the power plant. These steps can be identified 
with specific areas in Figure 111-7. 

Aquatic Areas Sensitive to Temperature Change 

Five principal areas offer potential for biological damage 
from thermal changes, labeled A-E on Figure 111-7. (There 
are other areas associated with mechanical or chemical 
effects that cannot be treated here; see the index.) 

Area A The cooling water as it passes through the intake, 
intake piping (AJ, condensers, discharge piping 
(A?) or canal (AIZ), and thermal plume (A3 or 
A'3), carrying with it small organisms (such as 
phytoplankton, zooplankton, invertebrate larvae, 
and fish eggs or larvae). Organisms receive a 
thermal shock to the full 20 F above ambient 

temperature with a duration that depends upon 
the rate of water flow and the temperature drop 
in the plume. 

AreaB Water of the plume alone that entrains both 
small and larger organisms (including small fish) 
as it is diluted (B or B'). Organisms receive 
thermal shocks from temperatures ranging from 
the discharge to the ambient temperature, de- 
pending upon where they are entrained. 

Area C Benthic environment where bottom organisms 
(including fish eggs) can be heated chronically or 
periodically by the thermal plume (C or C'). 

Area D The slightly warmed mixed water body (or large 
segment of it) where all organisms experience a 
slightly warmer average temperature (D). 

Area E Thc discharge canal in which resident or seasonal 
populations reside a t  abnormally high tempera- 
tures (E). 

Cooling Water Entrainment 

It  is not adequate to consider only thermal criteria for 
water bodies alone when large numbers of aquatic organisms 
may be pumped through a power plant. The probability 
of an organism being pumped through will depend upon 
the ratio of the volume of cooling water in the plant to the 
volume in the lake (or to the volume passing the plant in a 
river or tidal fresh water). Tidal environments (both 
freshwater and saline) offer greater potential for entrain- 
ment than is apparent, since the same water mass will 
move back and forth past the plant many times during the 
lifetime of pelagic residence time of most organisms. 
Thermal shocks that could be experienced by organisms 
entrained a t  the hypothetical power station are shown in 
Figure 111-8. 

Detrimental effects of thermal exposures received during 
entrainment can be judged by using the following equation 
for short-term exposures to extreme temperatures: 

time 
10[n+b(temp,+?)l  

General criterion: I 2 

Values for a and b in the equation for the species of aquatic 
organisms that are likely to be pumped with cooling water 
may be obtained from Appendix 11, or the data may be 
obtained using the methods of Brett (l952).25? The prevailing 
intake temperature would determine the acclimation 
temperature to be selected from the table. 

For example, juvenile largemouth bass may frequent the 
near-shore waters of this lake and be drawn into the intake. 

(Figure 111-7). would be detrimental for juvenile bass, the 
following analysis can be made (assuming, for example, 
that the lake is in Wisconsin where these basic data for bass 
are available) : 

T, J..*..-:-.. -.. L...L-- .L- L ___-. L - r : - - 1  -L-- -I  J:"-L _ _ _ _ ^  
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Criterion for juvenile bass (Wisconsin) when intake 
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temperature (acclimation) is 70 F (21.11 C). (Data 
from Appendix 11-C). 

Canal 

Criterion applied to entrainment to end of discharge 
canal (discharge temperature is 70 F plus the 20 degree 
rise in the condensers or 90 F (32.22 C). The thermal 
plume would provide additional exposure above the 
lethal threshold, minus 2 C (29.5 C or 85.1 F) of more 
than four hours. 

60 ' 1 0 j34.364 9- 0.9 7 8 9(3? .??+?)I 

128.15 

Conclusion : 

discharge canal. 
Juvenile bass would not survive to the end of the 

Dilution 

Criterion applied to entrainment in the system em- 

ploying rapid dilution. 
1 0  
1 .L ' 10[34.3649-0.97 89(3?.??+?.0)1 

i .z 12 - 7.36 

Travel time in piping to discharge is assumed to he 
1 min., and temperature drop to below the lethal 
threshold minus 2 C (29.5 C or 85.1 F) is about 10 sec. 
(Pritchard, 197 

Conclusion 
Juvenile bass would survive this thermal exposure: 

120.1630 

By using the equation in the following form, 

log (time)=a+b (temp.+2) 

the length of time that bass could barely survive the 
expected temperature rise could be calculated, thus 
allowing selection of an appropriate discharge system. 
For example: 

log (time) =34.3649-0.9789 (34.22) 
log (time) =0.8669 

time =7.36 



170/Section 111-Freshwater Aquatic Life and Wildlife 

This ivould he about 1,325 feet of canal flowing at 

I t  is apparent that a long discharge canal, a nonrecircu- 
lating cooling pond, a very long offshore Dine. or delayed 
dilution in a mixing zone (such as the one promoting surface 
cooling) could prolong the duration of exposure of pumped 
organisms and thereby increase the likelihood of damage to 
them. Precise information on the travel times of the cooling 
water in the discharge system is needed to conduct this 
analysis. 

The calculations have ignored changing temperatures in 
the thermal plume, because the canal alone was lethal, and 
cooling in the plume with rapid dilution was so rapid that 
the additional exposure was only for 10 seconds (assumed to 
be at  the discharge temperature the whole time). There 
may be other circumstances under which the effect of 
decreasing exposure temperature in the plume may be 
of interest. 

Effects of changing temperatures in the plume can be 
estimated by summing the effects of incremental exposures 

surface cooling plume of Figures 111-7 and 111-8 could be 
considered to be composed of several short time spans, each 
with an average temperature, until the temperature had 
dropped to the upper lethal threshold minus 2 C for the 
juvenile bass. Each time period would be calculated as if 
it were a single exposure, and the calculated values for all 
time periods would be summed and compared with unity, 
as follows: 

3 ft/sec. 

for short iimc pcriuib (Fly ei a:. :S46"'). Hoi ~ K Z ~ E ~ : S ,  the 

The surface cooling plume of Figure 111-6 (exclusive of 
the canal) could be considered to consist of 15 min at 
89.7 F (32.06 C), 15 min at  89.2 F (31.78 C), 15 min at  
88.7 F (31.4 C), 15 min at 88.2 F (31.22 C), 15 min at  
87.8 F (3 I .OO C), until the lethal threshold for 70 F acclima- 
tion minus 2 C (85.1 F) was reached. The calculation would 
proceed as follows: 

In  this case, the bass would not survive through the first 
15-minute period. In  other such calculations, several steps 
would have to be summed before unity was reached (if not 
rezched, :he p ! x x  ..:."2!.', ""t he detri.?lent?!>. 

Entrainment in the Plume 

Organisms mixed with the thermal plume during dilution 
will also receive thermal shocks, although the maximum 
temperatures will generally be less than the discharge 

temperature. The =umber of organisms affected to some 
degree may be significantly greater than the numbers 
actually pumped through the plant. The route of maximum 
thermal exposure for each plume is indicated in Figure 
111-7 by a dashed line. This route should be analyzed to 
determine the maximum reproducible effect. 

Detrimental effects of these exposures can also be judged 
by using the criterion for short-term exposures to extreme 
temperatures. The analytical steps were outlined above for 
estimating the effects on organisms that pass through the 
thermal plume portions of the entrainment thermal pattern. 
There would have been no mortalities of the largemouth 
bass from entrainment in the plume with rapid dilution, due 
to the short duration of exposure (about 10 seconds). Any 
bass that were entrained in the near-shore portions of the 
larger plume, and remained in it, would have died in less 
than 15 minutes. 

Bowom Organisms Impacted by the Plume 

Bottom communities of invertebrates, algae, rooted 
.-quatic p!znts, and mpny inciihAting fish e:,e_es can be 
exposed to warm plume water, particularly in shallow 
environments. In  some circumstances the warming can be 
continuous, in others it can be intermittent due to changes 
in plume configuration with changes in currents, winds, or 
other factors. Clearly a thermal plume that stratifies and 
occupies only the upper part of the water column will have 
least effect on bottom biota. 

Several approaches are useful in evaluating effects on the 
community. Some have predictive capability, while others 
are suitable largely for identifying effects after they have 
occurred. The criterion for short-term exposures identified 
relatively brief periods of detrimental high temperatures. 
Instead of the organism passing through zones of elevated 
temperatures, as in the previous examples, the organism is 
sedentary, and the thermal pulse passes over it. Developing 
fish eggs may be very sensitive to such changes. A brief 
pulse of high temperature that kills large numbers of orga- 
nisms may affect a bottom area for time periods far longer 
than the immediate exposure time. Repeated sublethal ex- 
posures may also be detrimental, although the process is 
more complex than straight-forward summation. Analysis 
of single exposures proceeds exactly as described for plume 
entrainment. 

The criterion for prolonged exposures is more generally 
applicable. The maximum tolerable weekly average tem- 
perature may be determined by the organisms present and 
the phase of their life cycle. In  May, for example, the 
maximum heat tolerance temperature for the community 

bottom. In July it may be determined by the important 
resident invertebrate species. A well-designed thermal dis- 
charge should not require an extensive mixing zone where 
these criteria are exempted. Special criteria for reproductive 
processes may have to be applied, although thermal dis- 
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charges should be located so that zones important for 
reproduction-migration, spawning, incubation-are not 
used. 

Criteria for species diversity provide a useful tool for 
identifying effects of thermal changes after they have 
occurred, particularly the effects of subtle changes'that are 
a result of community interactions rather than physiological 
responses by one or more major species. Further research 
may identify critical temperatures or sequences of tem- 
perature changes that cannot be exceeded and may thereby 
provide a predictive capability as well. (See Appendix 
11-B.) 

Mixed Water Body (or major region thereof) 

This is the region most commonly considered in es- 
tablishing water quality standards, for it generally includes 
the major area of the water body. Here the results of thermal 
additions are observed as small temperature incrcascs ovcr a 
large area (instead of high temperatures locally a t  the dis- 
charge point), and all heat sources become integrated into 
the normal annual temperature cycle (Figure 111-6 and 
Figure 111-7 insert). 

Detrimental high temperatures in this area (or parts of 
it) are defined by the criteria for maximum temperatures 
for prolonged exposure (warm and cool months) for the 
most sensitive species or life stage occurring there, at  each 
time of year, and by the criteria for reproduction. 

For example, in the lake with the hypothetical power 
station, there may be 40 principal fish species, of which half 
are considered important. These species have spawning 
temperatures ranging from 5 to 6 C for the sauger (Sfizo- 
sledzon canadmse) to 26.7 C for the spotted bullhead (Zrfalurus 
serroranllius). They also have a similar range of temperatures 
required for egg incubation, and a range of maximum 
temperatures lor prolonged exposures of' juveniles and 
aduiu. The requirements, however, may be met any time 
within normal time spans, such as January 1 to 24 for sauger 
spawning, and March 25 to April 29 for smallmouth bass 
spawning. Maximum temperatures for prolonged exposures 
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may increase steadily throughout a spring period. To 
predict effects of thermal discharges the pertinent tempera- 
tures for reproductive activities and maximum temperatures 
for each life stage can be plotted over a 12-month period 
such as shown in Fig. 111-6. A maximum annual tempera- 
ture curve can become apparent when sufficient biological 
data are available. Mount (1970)305 gives an  example of 
this type of analysis. 

Discharge Canal 

Canals or embayments that carry nearly undiluted 
condenser cooling water can develop biological communities 
that are atypical of normal seasonal communities. Interest 
in these areas does not generally derive from concern for a 
balanced ecosystem, but rather from effects that the altered 
communities can have on the entire aquatic ecosystem. 

The general criteria for nuisance organisms may be 
applicable. In  the discharge canals of some existing power 
stations, extensive mats of temperature-tolerant blue-green 
algae grow and periodically break away, adding a decom- 
posing organic matter to the nearby shorelines. 

The winter criterion for maximum temperatures for 
prolonged exposures identifies the potential for fish kills due 
to rapid decreases in temperature. During cold seasons 
particularly, fish are attracted to warmer water of an 
enclosed area, such as a discharge canal. Large numbers 
may reside there for sufficiently long periods to become 
metabolically acclimated to the warm water. For any 
acclimation temperature there is a minimum temperature 
to which the species can be cooled rapidly and still survive 
(lower incipient lethal temperature). These numerical 
combinations, where data are available, are found in 
Appendix 11-C. There would be 50 per cent mortality, for 
example, if largemouth bass acclimated in a discharge 
canal to 2U c, were cooled to 5.5 c or below. If' normal 
winter ambient temperature is iess than 5.5 C, then the 
winter maximum should be below 20 C, perhaps nearer 
15 C. If it is difficult to maintain the lower temperatures, 
fish should be excluded from the area. 
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0R6ANlC MERCURY 

Until recently, mercury most commonly entered the 
aquatic environment by leaching from geological formations 
and by water transport to streams and lakes. Since the 
industrial revolution, however, increasing amounts of mer- 

waste products from manufacturing processes or through 
improper disposal of industrial and consumer products. In 
addition, large quantities of mercury enter the environment 
when ores are smelted to recover such metals as copper, 
lead, and zinc (Klein 1971),343 and wh’en fossil fuels are 
burned. IVhereas the masimum amount of mercury released 
by weathering processes is approximately 230 metric tons 
per year worldwide, the amount released by the burning 
of coal is on the order of 3000 tons per year; and a further 
quantity, probably comparable to 3000 tons, is emitted 
from industrial processes (Joensuu 1971).3“ 

I n  urban and industrial areas consumer products con- 
taining mercury are often disposed of in sewer systems. 
These mercury discharges, though individually small, can- 
not be considered insignificant, because cumulatively they 
add large quantities of mercury to the water courses that 
receive these effluents. On  the average, the mercury concen- 
tration in sewage effluent is one order of magnitude greater 
than its concentration in the water course that receives it 
(D’Itri unpublished datu 1971).359 Based on Klein and Gold- 
berg’s 1 970344 report of mercury concentrations in samples 
of ocean sediments near municipal sewer out-falls, it can 
be calculated that in an urban area from 400 to 500 pounds 
of mercury per million population are discharged to re- 
ceiving waters every year. The  uses of mercury are varied, 
and its consumption is fairly large. The National Academy 
of Sciences ( 1969)347 reported the consumption of mercury 
by user category. 

problem when human beings were poisoned by eating 
contaminated fish and shell fish during the middle and late 
1950’s in Minamata, Japan. Since the first occurrence of 
“Minamata disease” in 1953, 121 cases resulting in 46 
deaths have been confirmed in the Minamata area with an  
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additional 47 confirmed cases and 6 deaths in nearby 
Niigata (Takeuchi 1970).3b2 

In Sweden in the 1950’s, conservationists charged that 
the abundance of methylmercury in the environment was 
causing severe poisoning in seed-eating birds and their 
predators (Johnels et al. 1967).342 These poisonings could 

IVhen these seed dressings were prohibited, levels of mercury 
declined substantially in seed-eating animals. At about thc 
same time, investigators found high levels of rncrcury in 
fish in waters off Sweden, practically all of it in the form 
of methylmercury. 

5: r:!-.terl_ :c the rise cf !zethdrnPrriiry in  <ped dressings. I - - - - - -  --- 

Biological Methylation 

Some microhes are capable of Iiologically synthesizing 
methylmercury from mercury ions (Jcnscn and Jernelov 
1969;339 \\’ood et al. 1969;358 Dunlap 1971 ;333  Fagcrstroin 
and Jernelov 1971).334 .4t low concentrations, the formation 
of dimethylmercury is favored in the methyl transfer reaction 
but a t  higher concentrations of mercury, the major product 
appears to be monomethylmercury. In any particular eco- 
system, the amounts of mono- and dimethylmercury com- 
pounds are determined by the presence of microbial species, 
the amount of organic pollution loading, the mercury con- 
centration, temperature, and pH (\Vood et al. 1969).358 

Biological Magnification 

Aquatic organisms concentrate methylmercury in their 
bodies either directly from the water or through the food 
chain (Johnels et al. 1967 ;34? Hannerz 1968;336 Hasselrot 
1968,33s Miettinen et al. 1970346). Northern pike (Esox 
lucius) and rainbow trout (Sulmo gairdneri) are able to as- 
similate and concentrate methylmercury directly into their 
muscle tissues from ingested food (Miettinen e t  al. 1970).346 

each trophic level of the food chain (Hamilton 1971).335 
The magnitude of the bioaccumulation of mercury is de- 
termined by the species, its exposure, feeding habits, 
metabolic rate, age and size, quality of the water, and the 
degree of mercury pollution in the water. Rucker and 
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Amend (1 969)349 established that rainbow trout contained 
mercury levels of 4.0 and 17.3 pg/g in their muscle and 
kidney tissue after being exposed to 60 pg/l of ethylmercury 
for one hour a day over 10 days. Fresh water phytoplankton, 
macrophytes, and fish are capable of biologically magnifying 
mercury concentrations from water 1000 times (Chapman 
et al. 1968).330 Johnels et al. (1967)342 reported a mercury 
concentration factor from water to pike of 5000 or more. 
Johnels et al. (1967)342 had previously shown that when 
mercury levels in pike muscle were below 0.2 pg/g, the 
level was relatively constant irrespective of weight, but 
above 0.2 pg/g, the concentration of mercury tended to 
increase with increasing age and weight. 

Experiments in progress at  the National Water Quality 
Laboratory in Duluth, Minnesota, (Mount unpublished 
data 1971)361 indicate that when brook trout (Salvdinus 
fonlinatis) are held in water containing 0.05 pg/l of methyl- 
mercury for 2 months they can accumulate more than 
0.5 pg/g of mercury. This is a magnification of 10,000 
times. In  the same experiments, exposure to 0.03 pg/l for 
5 months resulted in continuing accumulation in fish tissue 
with no indication of a plateau. In  a group of fish held at  
one pg/l, some organs contained 30 pg/g. Some fresh water 
invertebrates have also been reported to have a 10,000 
mapnification (Hannerz 1968).336 

Although the mechanisms by which mercury accumulates 
and concentrates have not been fully explained, at least 
three factors are involved : the metabolic rate of individual 
fish; differences in the selection of food as fish mature; 
and the epithelial surface of the fish (Wobeser et al. 1970;357 
Hannerz 1968).336 The rate at which fish lose methyl- 
mercury also has considerable effect on magnification of 
mercury in the tissues. Miettinen et al. have shown in a 
series of papers (1970)346 that the loss of methylmercury is 
both fast and slow in fishes. ' lhe  fast loss occurs early, while 
mercury is being redistributed through the body, and iasts 
only a few weeks. The  subsequent loss from established 
binding sites follows slowly; a half-life is estimated to be 
on the order of 2 years. These rates mean that fishes, and 
perhaps other lower vertebrates, reduce their content of 
methylmercury many times more slowly than do the higher 
terrestrial vertebrates. Man, for example, is usually con- 
sidered to excrete half of any given mercury residue in 
about 80 days. Extremely low rates of loss have also been 
shown in different species of aquatic mollusks and crayfish 
(Cambarus) (Nelson 1971).34s 

Excessive mercury residues in the sediments are dissipated 
only slowly. Lofroth ( 1  970p45 estimated that aquatic habi- 
tats polluted with mercury continue to contaminate fish for 
as long as 10 to 100 years after pollution has stopped. 

Mercury in Fresh Waters 

Mercury measured in the water of selected rivers of the 
United States ranged from less than 0.1 pg/l to 17 pg/l. 
Two-thirds of the rivers contained 0.1 pg/l or less (Wallace 
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et al. 1971).355 The value of 0.1 pg/l is also reported as the 
earliest reliable estimate of mercury levels in uncontami- 
nated fresh water (Swedish National Institute of Public 
Health 1971).35' Some rivers tested by the Swedish Institute 
were as low as 0.05 pg/l, which was also the average mercury 
level in some salt waters. 

Toxicity of Organic Mercury in Water. 

The chemical form of methylmercury administered to 
fish makes little difference in its toxic effect (hliettinen et  
al. 1970).346 The methylmercury bound to sulfhydryl groups 
of proteins, as it would be in nature, is just as toxic as the 
free unbound ionic form. 

Fish are able to survive relatively high concentrations of 
organomercurials for a short time with few ill effects. For 
example, fry of steel head trout (Salmo gairdncri) and 
fingerlings of sockeye salmon (Oncor/ync/ius nerka) are able 
to survive in 10 mg/l of pyridyl mercuric acetate for one 
hour with no toxic effects (Rucker and Whipple 1951).350 
The LC50 of pyridyl mercuric acetate for some freshwater 
fish ranges from 390 pg/l to 26,000 pg/l for exposures be- 
tween 24 and 72 hours (\Villford 1966;356 Clemmens and 
Sneed 1958, 331 1959). 332 

As the exposure times lengthen, lower concentrations of 
mercury are lethal. O n  the basis of 120-hour bioassay tests 
of three species of minnows, Van Horn and Balch 
determined that the minimum lethal concentrations of 
pyridyl mercuric acetate, pyridyl mercuric chloride, phenyl 
mercuric acetate, and ethyl mercuric phosphate averaged 
250 pg/L 

Recent experiments a t  the National Water Quality Lab- 
oratory (Mount, personal communication 197 1) 360 indicated 
that 0.2 pg/l of methylmercury killed fathead minnows 
(Pimephalespromelas) within 6 to 8 weeks. Toxicity data from 
this same laboratory on several other species including 
Gammarus, Daphnia, top minnow (Fundulus sp.) and brook 
trout (Saluelinus fonlinalis) indicated that none was more 
sensitive than the fathead minnow. 

Northern pike seem to be more sensitive. When they 
were reared in water containing 0.1 pg/l of methylmercury 
for a season and then placed in clean water, they underwent 
continuing mortality. Scattered mortality from this source 
could ordinarily not be detected in nature, because the 
affected fish became uncoordinated and probably would 
have been eaten by predators (Hannerz 1.968,336 quoted by 
Nelson 19713'*). 

Some species of plankton are particularly sensitive. 
Studies of the effect of mercury on phytoplankton species 
confirmed that concentrations as low as 0.1 pg/l of selected 
organomercurial fungicides decreased both the photosynthe- 
sis and the growth of laboratory cultures of the marine 
alga Nitzschia delicatissum, as well as of some fresh water 
phytoplankton species (Harriss et  al. 1970).33' Ethyl- 
mercury phosphate is lethal to marine phytoplankton at  
60 pg/l, and levels as low as 0.5 pg/l drastically limit their 
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growth (i ikdrs 19&2).353 There is insufficient information 
about the thresholds for chronic toxicity. 

Tissue Levels and VoxiciOy 

There is almost no information on the concentrations of 
mercury in the tissues of aquatic organisms that are likely 
to cause mortality of the organisms themselves. Fish and 
shellfish found dead in Minamata contained 9 to 24 pg/g 
of mercury on the usual wet-weight basis; presumably some 
of these levels were lethal (Nelson 1971).a4s Miettinen et al. 
(1970)5'6 showed that pike which had been experimentally 
killed by methylmercury contained from 5 to 9.1 pg/g and 
averaged 6.4 and 7.4 micrograms of methylmercury per 
gram of muscle tissue. 

Discussion of Proposed Recornmendations 

At the present time there are not sufficient data available 
to determine the levels of mercury in water that are safe 
for aquatic organisms under chronic exposure. There have 
not been, for example, any experiments on the effects of 

of fish in the laboratory. Since experiments on sublethal 
effects are lacking, the next most useful information is on 
lethal effects following moderately long exposures of weeks 
or months. The lowest concentration shown to be lethal to 
fish is 0.2 pg/l of methylmercury which is lethal to fathead 
minnows (Pimephalespromelas) in six weeks. Because 0.2 pg/l 
of methylmercury has been shown to be lethal, it is suggested 
that this concentration of mercury not be exceeded a t  any 
time or place in natural waters. Since phytoplankton are 
more sensitive, the average concentration of methylmercury 
in water probably should not exceed 0.05 pg/l for their 
protection. This recommended average is approximately 
equal to the supposed natural concentrations of mercury 
in water; hence little mercury can be added to the aquatic 
environment. The National \Vater Quality Laboratory 
(Mount, unpublished data 1971)36' found that exposure of 
trout to 0.05 pg/l of methylmercury for 3 months resulted 
in concentrations of 0.5 pg/g, the Food and Drug Adminis- 
tration guideline for the maximum level for edible portions 
of fish flesh. 

These concentrations of mercury or methylmercury in 
water are very low and difficult to measure or differentiate 
without special equipment and preparation. These low 
concentrations can also only be measured as total mercury. 
Since sediments may contain 10,000 times the amount of 
mercury in water, suspended solids in water can seriously 
affect the values found in analyses of water for mercury 
(Jernelov 1972).340 Because of these difficulties and because 

magnification, recommendations for mercury residues in 
tissues of aquatic organisms should be developed. This 
would make monitoring and control not only more effective 
and certain but also more feasible technically. Unfortu- 
nately, data are not yet available on the residue levels that 
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are safe fcr the aquatic orgznisrns themse!ves and for 
organisms higher in the food chain, such as predatory fish 
or fisheating birds. I t  is known that concentrations of 5 to 
10 pg/g are found in some fish that died of methylmercury 
poisoning, and that 0.01 to 0.2 pg/g is apparently a usual 
background level in freshwater fish. Because data are lacking 
for safe residue levels in aquatic food chains, it is suggested 
that the Food & Drug Administration guideline level of 
0.5 pg/g of total mercury in edible portions of freshwater 
fish used as human food be the guideline to protect predators 
in aquatic food chains. 

Hence, mercury residues should not exceed 0.5 pg/g in 
any aquatic organisms. If levels approaching this are found, 
there should be total elimination of all possible sources of 
mercury pollution. 

No distinction has been drawn between organic and in- 
organic forms of.mercury in these discussions because of the 
possibility of biological transformation to the organic phase 
in aquatic habitats. Since the form of mercury in water 
cannot be readily determined, the recommendations are 
pr lmady hazrrl lipon methylmercury but expressed as total 
mercury. 

Recommendations 

Selected species of fish and predatory aquatic 
organisms should be protected when the following 
conditions are fulfilled : (1) the concentration of 
total mercury does not exceed a total body burden 
of 0.5 p g / g  wet weight in any aquatic organism; 
(2) the total mercury concentrations in unfiltered 
water do not exceed 0.2 pg/l at any time or place; 
and (3) the average total mercury concentration in 
unfiltered water does not exceed 0.05 &/I. 

PHTHALATE ESTERS 

The occurrence of dialkyl phthalate residues has been 
established in various segments of the aquatic environment 
of North America. Phthalate ester residues occur principally 
in samples of water, sediment, and aquatic organisms in 
industrial and heavily populated areas (Stalling 1 972).366 
In  fish di-n-butyl phthalate residues ranged from 0 to 500 
pg/kg, and di-2-ethylhexyl phthalate residues were as high 
as 3,200 pg/kg. NO well-documented information exists on 
the fate of phthalate compounds in aquatic environments. 

Phthalate esters are widely used as plasticizers, particu- 
larly in polyvinyl chloride (PVC) plastics. The most 
common phthalate ester plasticizer is di-2-ethylhexyl phthal- 
ate. Di-n-butyl phthalate has been used as an  insect repellent 
(Frear 1969)562 and in pesticide formulations to retard 

phthalate ester placticizers was estimated to be 4.10 X I O *  lbs 
in 1970 (Neelyl 970).363 Total phthalate ester production 
was reported to be 8.40X 1O8Ibs in 1968, of which 4.40X IO8 
Ibs were dioctyl phthalate esters (Nematollahi et al. 1967).)'* 
Production of .phthalic anhydride was estimated to be 
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7.60X lOslbs in 1970 (Neely 1970).3s3 PVC plastic formula- 
tions may contain 30 to 60 parts per hundred of phthalate 
ester plasticizer (Nematollahi t t  al. 1 967).36' 

Toxicity 

Studies to determine the acute or chronic toxicity effects 
of phthalate esters or other plasticizers on aquatic organisms 
have only recently been undertaken (Stalling 1972).a66 For 
example, the acute toxicity of di-n-butyl phthalate to fish 
is extremely low compared to pesticides (Table 111-14). 

Daphnia magna were exposed to 0.1 pg/l of "C di-n-butyl 
phthalate and the organisms accumulated chemical residues 
of 600 pg/kg within 10 days, or a 6,000-fold magnification 
(Saunders, unpublished data 197 However, after transfer 
of the Daphnia to uncontaminated water, approximately 
50 per cen(of the di-n-butyl phthalate was excreted in three 
days. I t  was recently found that a concentration of 3 pg/l 
of di-2-ethylhexyl phthalate significantly reduced the growth 
and reproduction of Daphnia magna (Sanders unpublished 
data 1971).367 

The acute toxicity of phthalate esters appears to be rela- 
tively insignificant, but these compounds may be detri- 
mental to aquatic organisms at low chronic concentrations. 

Recommendation 

Until a more detailed evaluation is made of toxi- 
cological effects of phthalate esters on aquatic eco- 
systems, a safety factor of 0.1 has been applied to 
data for Duphniu magnu toxicity, and a level not 
to exceed 0.3 pg/l should protect fish and their 
food supply. 

POLYCHLORINATED BIPHENYLS 

Polychlorinated biphenyls (PCB) have been found in fish 
and wildlife in many parts of the world and at levels that 
may adversely affect aquatic organisms (Jensen et al. 
1969;376 Holmes et al. 1967;375 Koernan et al. 1969;378 

TABLE ZZZ-14-Acute Toxicity of Di-n-butyl Phthalate to 
Four Species of Fish and Daphnia Magna. 

LC50 in PIA 

spada Tempntore 24hr 48hr 96 hr 
~~ ~ ~~~~ ~ ~ ~~~ ~ 

Fathod minnm (Firmplnh promelas) .................... 1490 la0 (ShllinI>t66 

Bluegill (Lepomis llucf&rnS) ............ In0  ni 731 ( S l a l l i n p  
Channel amsh (Ittaturns pumbtus). ...... 1120 2910 2910 (Sbllingp6 
Rainbow bout (Salmo pirdnui) ......................................... €410 (Sandasp' 
bphnia maw ........................................................ >5W (Sandasp' 

Risebrough et  al. 1968).386 The environmental occurrence, 
uses, and present toxicological aspects of PCB were recently 
reviewed by Peakall and Lincer ( 1970),384 Gustafson 
(1970),372 Risebrough (1970),387 and Reynolds (1971).385 

Biphenyls may have 1 to 10 attached chlorine atoms, 
making possible over 200 compounds (Gustafson 1 970).372 
PCB occur as residues in fish, and presumably also in water, 
as mixtures of chlorinated biphenyl isomers as shown in 
Table 111-1 5 (Stalling and Johnson, unpublished data 1970,396 
Stalling in press392). 

Analysis of PCB has been accomplished by gas chromatog- 
raphy after separation of PCB from pesticides. A separation 
method has been described by Armour and Burke (1970)369 
and modified by Stalling and Huckins (1971).39L A method 
using separation on a charcoal column has shown good 
reproducibility (Frank and Rees, personal communication).395 
No standardized gas-liquid chromatography method has 
been proposed for the analysis of mixtures of PCB in en- 
'vironmental samples. The solubility of these formulations 
in water has not been precisely determined, but it is in the 
range of 100 to 1,000 pg/l (Papageorge 1970).383 Since 
PCR have gas chromatnrpphir. charar.teristica similnr tn 
many organochlorine pesticides, they can cause serious 
interference in the gas chromatographic determination of 
chlorinated insecticides (Risebrough et al. 1968).386 

The Monsanto Company, the sole manufacturer of PCB 

TABLE ZZZ-15-Compositwn of PCB Residues in Selected Fish Samples from the 1970 National Pesticide Residue 
Monitoring Program 

O l i o  ..................................... UndnnaB. 0. 
Ohio ..................................... CiKinnati.0. 
Ohio ..................................... Iw1rielta.a 
Ohio ..................................... Mlrietb. 0. 
Vu00 .................................... Redwood. M i u  
Hudwo .................................. Pwlhkaepsie, N.Y. 
Nlqheny ................................. Nabom. Pa. 
bbware ................................. Camden, NJ. 

. . Port Onbrio. N.V. 

IO 75 
16 I1 

16 5.1 
12 ................. 

la n 

9 in 
................ 5.2 
................ LO 

19 ................. 
11 ................. 
11 ................. 
14 75 

U 6.0 13.3 
21 5.6 66 
11 4.9 n 
13 4.6 la 
1.4 ................. 13 
3l ................. 211 
l5 4.6 15 
6.1 3.9 19 
2.6 1.1 n 
4.6 t 1 19 
4.5 3.4 19 
8. I 3.2 8) 
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in the United States (Gustafson 1970),372 markets eight 
formulations of chlorinated biphenyls under the trademarks 
Aroclor@ 1221, 1232, 1242, 1248, 1254, 1260, 1262, and 
1268. The last two digits of each formulation designate the 
percent chlorine. Aroclor @ 1248 and 1254 are produced in 
greatest quantities. They are used as dielectric fluids in 
capacitors and in closed-system heat exchangers (Papa- 
george 1970).383 Aroclor* 1242 is used as a hydraulic fluid, 
and Aroclor @ 1260 as a plasticizer. Chlorinated terphenyls 
are marketed under the trademark Aroclor @ 5442 and 5460, 
and a mixture of bi- and terphenyls is designated Aroclor @ 

4465. The isomer composition and chromatographic char- 
acteristics of each formulation have been described by 
Stalling and Huckins (1971)391 and Bagley et al. (1970).370 
A contaminant of some PCB, especially those manufactured 
in Europe, are chlorinated dibenzofurans (Brungs personal 
communication 1972).393 Although these byproducts would 
appear to be extremely toxic, no data are available on their 
toxicity to aquatic life. 

3ireci ieihai ioxiciiy 

Studies of toxicity of PCB to aquatic organisms are limited. 
They show considerable variation of toxicity to different 
species, as well as variation with the chlorine content of the 
PCB. Nevertheless, some trends in the toxic characteristics 
have become apparent, principally from the work of Mayer 
as described below: 

0 The higher the per cent chlorine, the lower the ap- 
parent toxicity of PCB to fish (Mayer, in press).379 
This was found in 15-day intermittent-flow bioassays 
using bluegills (Lepomis macrochirus) and channel cat- 
fish (Ictalurrts puncfafus) with Aroclor @ 1242, 1248, 
1254. All LC50 values were in the range 10 to 300 

0 The bluegill/channel catfish experiments also illus- 
trated that all LC50 values decreased significantly 
when exposures continued from 15 to 20 days. The 
96-hour LC50 of a PCB to fish cannot adequately 
measure its lethal toxicity. 

0 The same tests showed that the toxicity of Aroclor @ 

1248 doubled when the temperature was raised from 
20 C to 27 C. 

pg/l. 

To invertebrates, Aroclor@ 1242 has about the same 
acute toxicity that it has to fish. In 4- and 7-day tests 
(Saunders, in p r e ~ s ) , ~ 8 9  it killed Cammarus at 42 pg/l and 
crayfish (Cambarus) at  30 pg/l, with values that were similar 
to the 15-day LC50 reported for bluegills. However, there 
is an extreme range in the reported short-term lethal levels 
of Aroclor @ 1254 for invertebrates. Saunders (in press)389 
reported a 96-hour LC50 as 80 pg/l for crayfish and only 
3 pg/l for glass shrimp (Paleomonetes) in 7-day tests; and 
Duke et al. (1970)371 reported that as little as 0.94 pg/l 
killed immature pink shrimp (Panaeus duorarum). Part of this 
variation is related to exposure periods in the tests; part 

is no doubt the variation in species response. Again this 
emphasizes the point that short-term tests of acute toxicities 
of PCB have serious limitations. 

Marine animals may be more easily killed by PCB than 
freshwater ones (see Section IV). When two estuarine fishes 
(Lagodon rhomboides and Leiosfomus xanthurus) were exposed 
for 14 to 45 days to Aroclor@ 1254, mortalities were oh- 
served at  5 pg/l (Hansen, et al. 1971).373 'l'his indicated a 
toxicity about five times greater than summarized above 
for freshwater fish but about the same as the toxicity for the 
marine crustaceans mentioned above. 

Feeding Studies 

Dietary exposure to PCB seems to be less of a direct 
hazard to fish than exposure in water. Coho salmon 
(Oncorhynchus kisutch) fed Aroclor @ 1254 in varying amounts 
up to 14,500 pg/kg body weight per day accumulated whole 
body residues which were only 0.9 to 0.5 of the level in 
the food after 240 days of dietary exposure. Growth rates 
were not affected. However, all fish exposed to the highest 
treatment died after 240 days exposure; and thyroid activity 
was stimulated in all except the group treated at the lowest 
concentration (Pviehrle and Grant irnpttblished data 1971).394 

At present, evaluation of data from laboratory experi- 
ments indicates that exposures to PCB in water represents 
a greater hazard to fish than dietary exposures. However, 
in the environment, residue accumulation from dietary 
sources could be more important, because PCB have a 
high affinity for sediments, and therefore, they readily enter 
food chains (Duke et al. 1970;37L Nimmo, et al. 1971).382 

Residues in Tissue 

It is clear that widespread pollution of major waterways 
has occurred, and that appreciable PCB residues exist in 
fish. When analyses of 40 fish from the 1970 National 
Pesticide Monitoring Program were made, only one of the 
fish was found to contain less than 1 pg/g PCB (Stalling 
and iMayer 1972).390 The 10 highest residue levels in the 
40 selected fish ranged from 19 p g / g  to 213 pg/g whole 
body weight. 

By contrast, residues measured in ocean fish have been 
generally below 1 pg/g (Risebrough 1970;387 Jensen, et al. 
1969).376 Between the ranges in freshwater fish and those 
in marine fish are the levels of PCB found in seals (Jensen 
et al. 1969;37G Holden 1970),374 and in the eggs of fish- 
eating birds in North America (Anderson et al. 1969;368 
Mulhern et al. 1971 ;380 Reynolds 1971).385 

In laboratory experiments, crustacea exposed to varying 
levels of Aroclor @ 1254 in the water concentrated the PCB 
within their bodies more than 20,000 times. The tissue 
residues may sometimes reach an equilibrium, and in 
Cammarus. fasciatus PCB did not concentrate beyond 27,000 
times despite an additional 3-week exposure to 1.6 pg/l 
Aroclor @ (Saunders 1972).388 In contrast, PCB residues in 
crayfish did not reach equilibrixn after a 28-day exposure. 

0 
Q 
U 
D 
0 
0 
0 
0 
0 
U 
0 
0 

0 

'I 

0 



PCB concentration factors by two estuarine fishes, Lagondon 
rhomboides and Leioslomus xanthurus, were similar to that 
described above for crustaceans, Le., about 10,000 to 50,000 
times the exposure levels in water (Hansen et al. 1971).373 
It is important to note that these accumulations occurred 
at water concentrations of PCB that killed the fish in 15 
to 45 days. 

Also similar were the accumulation ratios of 26,000 to 
56,000 for bluegills (Lepomis rnacrochirus) chronically exposed 
to 2 to 15 pg/1 of Aroclor @ 1248 and 1254. Fathead minnows 
(Pimephales promelas) chronically exposed to Aroclor @ 1242 
and 1254 for 8 weeks concentrated PCB 100,000 and 
200,000 times the exposure levels, respectively. Residues of 
50 pg/l (whole body) resulted from exposure for 8 weeks 
to 0.3 pg/l Aroclor@ 1254 (Nebeker et al. 1972).3s1 These 
experiments with bluegills also indicated that the maximum 
levels of PCB were generally related to the concentration 
of PCB in the water (50,000-200,000 timcs higher) to which 
they were exposed (Stalling and Huckins rinpicblished data 
197 1).397 

Effects on Reproduction 

PCB residues in salmon eggs arc apparently related to 
mortality of eggs. In preliminary investigations in Sweden, 
Jensen and his associates ( 1970)377 reported that when 
residues in groups of eggs ranged from 0.4 to 1.9 pg/g on 
a whole-weight basis (7.7 to 34 Ig/g on a fat basis), related 
mortalities ranged from 16 per cent up to 100 per cent. 

PCB concentrations in the range of 0.5 to 10 pg/l in 
water interfered with reproduction of several aquatic ani- 
mals according to recent work of Nebeker et al. (1971).381 
About 5 pg/l of Aroclor@ 1248 was the highest concen- 
tration that did not affect reproduction of Daphnia magna 
and Gammarus pseudolimnaeus. In tests of reproduction by 
iattlead minnows (Pimephaiespromeiasj aii died when exposed 
chronicaiiy to greater than 8.3 pgji of either cirocior i242 
or Aroclor@ 1254. Reproduction occurred at and below 
5.4 pg/l Aroclor@ 1242, and at and below 1.8 pg/l of 
Aroclor @ 1254. 

The association between residue levels and biological 
effects in aquatic animals is scarcely known, but the work 
of Jensen et al. (1970)377 suggested that about 0.5 pg/g of 
PCB in whole salmon eggs might be the threshold for egg 
mortality. Such a level in eggs would be associated with 
levels in general body tissue (e.g., muscle) of 2.5 to 5.0 pg/g. 
The residue in muscle corresponded to the present Food and 
Drug Administration level for allowable levels of PCB in 
fish used as human food. Residues measured in the survey 
by the 1970 National Pesticide Monitoring Program were 
generally above 5 pg/g. 

Applying a minimal safety factor of 10 for protection of 
the affected population, and for protection of other species 
higher in the food chain, would yield a maximum permis- 
sible tissue concentration of 0.5 pg/g in any aquatic organism 
in any habitat affected by PCB. 

Toxic Substances/l77 

General Considerations and Further Needs 

Another means of control would be justified in view of 
the toxicity of PCB, the lack of knowledge about how it 
first enters natural ecosystems as a pollutant, and its ap- 
parent distribution in high concentrations in freshwater 
fish in the United States. This method would be to regulate 
the manufacture of PCB and maintain close control of its 
uses to avoid situations where PCB is lost to the environ- 
ment. The h4onsanto Company recently restricted the sale 
of PCB for uses in which disposal of the end products could 
not be controlled, as with plasticizers (Gustafson 1970).3’* 

Basis for Recommendations 

For PCB levels in water, the most sensitive reaction shown 
by aquatic organisms is to the lethal effects of low concen- 
trations continually present in water for long periods (\vccks 
or months). Concentrations in the range of 1 to 8 pg/l 
have lieen shown to be lethal to several animals. 

The work of Hansen, et al. (1971)373 and Stallings and 
Huckins (rrnpiiblished dda 1971)391 indicates that concen- 
trations of 0.01 pg/l of PCB in water over periods of up to 
36 weeks could lead to dangerous levels of PCB in the 
tissues of aquatic organisms. .4ccumulation by factors of 
75,000 to 200,000 times is indicated by their work. If  the 
higher ratio is taken, 0.01 pg/l in water might result in 2.0 
pg/g in flesh on whole fish basis. This is comparable to the 
residue level in salmon eggs associated with complete 
mortality of embryos. Therefore, a concentration is recom- 
mended that is reduced by a factor of 5, or 0.002 pg/1. In 
addition, a control based on residue levels is required, as 
well as one based on PCB in the water. 

Recommendations 
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water does not exceed 0.002 pg/l at any time or 
place, and the residues in the general body tissues 
of any aquatic organism do not exceed 0.5 p g / g .  
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METALS 

General Data 

Several reviews of the toxicity of metals are available 
(e.g., Skidmore 1964;428 McKee and Wolf 1963;415 
Doudoroff and Katz 1953).406 Some of the most relevant 
research is currently in progress or only recently completed. 
Some deals with chronic effects of metals on survival, 
growth, and reproduction of fish and other organisms. The 
completed studies have estimated safe concentrations, and 
from these application factors have been derived as defined 
in the discussion of bioassays (pp. 118-123). 

The important relation between water hardness and 
lethal toxicity is well documented for some metals (see 
Figure 111-9). For copper, the difference in toxicity may 
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not be related to the difference in hardness per se, but to 
the difference in alkalinity of the water that accompanies 
change in hardness (Stiff 1971).434 Nevertheless, the re- 
lation to hardness is a convenient and accepted one. The 
hardness classification developed by the U.S. Geological 
Survey is the following: 

0- 60 mg/l (hardness as CaC03) Soft 
Moderately hard 61-120 mg/l 
Hard 

There are many chemical species of metals in water; 
some are toxic to aquatic life, others are not. Hydrogen ion 
concentration in water is extremely important in governing 
the species and solubility of metals and therefore the lethal 
toxicity. At high pH, many heavy metals form hydroxides 
or basic carbonates that are relatively insoluble and tend 
to precipitate. They may, however, remain suspended in 
the water as fine particles (O'Connor et al. 1964;421 Stiff 
197 1) . 4a4  

The toxicity of suspended hydroxides of metal depends 
on  the particular situation. For example, suspended zinc has 
been found to be nontoxic (Sprague 1964a&b),4?g0430 equally 
as toxic as dissolved zinc (Lloyd 1960)"? and more toxic 
than dissolved zinc (Mount 1966)."' This indicates that 
suspended zinc is a t  least potentially poisonous, and there- 
fore the total metal measured in the water should be con- 
sidered toxic. It is difficult to predict the effect of pH on 
toxicity. For example, low pH (about 5 )  as well as high p H  
(about 9) reduced toxicity of copper and zinc compared to 
that at  neutral p H  (Fisheries Research Board of Canada 
unpublished data 1971).444 Therefore pH should be regulated 
in bioassays with metals in order to simulate local conditions 
and to explore any effect of local variation of pH. 

In addition to hardness, numerous other factors influence 
the lethal toxicity of copper to fish. McKee and Wolf 
(1 963)415 and Doudoroff and Katz (1 953) 406 included dis- 
solved oxygen, temperature, turbidity, carbon dioxide, 
magnesium salts, and phosphates as factors affecting copper 
toxicity. Artificial chelating compounds such as nitrilo- 
triacetic acid can reduce or eliminate toxic effects of zinc 
and other metals (Sprague 1968b)432 and there may be 
natural chelating agents that would do the same thing. 
Certain organic ligands (Bender et  a]. 1970)399 and amino 
acids from sewage treatment plant effluent (United King- 
dom Ministry of Technology 1969)435 also reduce the 
toxicity of copper by forming copper-organic complexes 
that do not contribute to lethal toxicity. I t  is safe to assume 
that some of these factors will influence the toxicity of other 
metals. In  addition, the amount of metals found (at least 
temporarily) in living biological matter is included in most 
routine water analyses. At the present time, however, it is 
not possible to predict accurately the amount of total metal 
in any environment that may be lethal, biologically active, 
or contributory to toxicity. Consequently, the following 
recommendations are made. 

in excess of 120 mg/l 

Toxic Substances/ 179 

Recommendations 

Since forms or species of metals in water may 
change with shifts in the water quality, and since 
the toxicity to aquatic life may concurrently 
change in as yet unpredictable ways, it is recom- 
mended that water quality criteria for a given 
metal be based on the total amount of it in the 
water, regardless of the chemical state or form of 
the metal, except that settleable solids should be 
excluded from the analysis (Standard Methods 
1971).'33 Additionally, hardness affects the toxicity 
of many metals (see Figure 111-9). 

Metals which have collected in the sediments 
can redissolve into the water, and such redissolved 
metals should meet the criteria for heavy metals. 
To protect aquatic life, amounts likely to be harm- 
ful should not occur in the sediments. 

I t  is recommended that any metal species not 
specifically mentioned in this report but suspected 
of causing detrimental effects on aquatic life be 
examined as outlined in the section on Bioassays. 

Aluminum 

Current research by Freeman and Everhart ( 1971)407 
indicated that aluminum salts were slightly soluble a t  
neutral pH;  0.05 mg/l dissolved and had no sublcthal 
effects on fish. At pH 9, at  least 5 mg/l of aluminum dis- 
solved and this killed fingerling rainbow trout \vithin 48 
hours. However, the suspended precipitate of ionizcd alumi- 
num is toxic. In most natural waters, the ionized or po- 
tentially ionizable aluminum would be in the form of anionic 
or neutral precipitates, and anything greater than 0.1 mg/l 
of this would be deleterious to growth and survival of fish. 

iiecommenaarion 

Careful examination of toxicity problems should 
be made to protect aquatic life in situations where 
the presence of ionic aluminum is suspected. 
Aluminum may have considerably greater toxicity 
than has been assumed. 

Cadmium 

This metal is an extremely dangerous cumulative poison. 
In mammals (Nilsson 1970),4*" fish (Eaton unpublished data 
1971),"? and probably other animals, there is insidious, 
progressive, chronic poisoning because there is almost no 
excretion of the metal. In  its acute lethal action on rainbow 
trout ( S a h o  gairdneri), Ball ( 1967)398 found cadmium un- 
usually slow. A lethal threshold of 0.01 mg/1 was not dis- 
cernible until seven days' exposure. Other investigators 
.(Pickering and Gast, in Eaton unpublished data 
1971)"? have determined lethal threshold concentrations in 
fathead minnows in 2 to 6 days and in bluegill in 96 hours. 
The chronically safe levels for both fathead minnows 
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(Pimephales promelas) (Pickering and Gast, in press)“i and 
bluegill sunfish (Lepomis macrochirus) (Eaton unpublished data 
1971)442 in hard water (200 mg/l as CaC03) are between 
0.06 and 0.03 mg/l. In these exposures, death of eggs or 
early larvae was one of the effects observed at the lowest 
unsafe concentrations tested. Recent exposures of eggs and 
larvae at the National Water Quality Laboratory (Duluth) 
in soft water (45 mg/l 3 s  CaC03) demonstrated that 0.01 
mg/l was unsafe; 0.004 mg/l was safe for several warm- and 
coldwater fishes, including some salmonids; and the safe 
level for coho salmon fry (Oncoriynchus kisufch) was lower, 
i.e., between 0.004 mg/l and 0.001 mg/l (McKim and 
Eaton unpublished data 1971).445 

Daphnia magna appeared to be very sensitive to cadmium. 
Concentrations of 0.0005 mg/l were found to reduce repro- 
duction in one-generation exposures lasting three weeks 
(Biesinger and Christensen unpublished data 1971).440 This 
sensitivity is probably representative of other crustaceans 
as well. 

QPce!E!EPn.cdIer? 

Aquatic life should be protected where levels of 
cadmium do not exceed,,0.03 mg/l in water having 
total hardness above 100 mg/l 5s CaC03, or 0.004 
mg/l in waters with a hardness of 100 mg/l or 
below at any time or place. Habitats should be 
safe for crustaceans or the eggs and larvae of 
salmon if the levels of cadmium do not exceed 
0.003 mg/l in hard water or 0.0004 mg/l in soft 
water at any time or place. 

Chromium 

The chronic toxicity of hexavalegt chromium to fish has 
been studicd by Olson (1958),4?2 and Olson and Foster 
( 1956,4?3 1957).‘?‘ Their data demonstrated a pronounced 
cumulative toxicity of chromium to rainbow trout and 
chinook salmon (Oncorhynchus fshawyfscha). Duodoroff and 
Katz ( 1  953)406 found that bluegills (Lepomis macrochirus) 
tolerated a 45 mg/l level for 20 days in hard water. Cairns 
( 1956),403 using chromic oxide (Cr03), found that a concen- 
tration of 104 mg/l was toxic to bluegills in 6 to 84 hours. 
Bioassays conducted with four species of fish gave 96-hour 
LC5O’s of hexavalent chromium that ranged from 17 to 
118 mg/l, indicating little effect of hardness on toxicity 
(Pickering and Henderson 1966).4z6 

Recently some tests of chronic effects on reproduction of 
fish have been carried out. The 96-hour LC50 and safe 
concentrations for hexavalent chromium were 33 and 1.0 
mg/l for fathead minnows (Pimephales promelas) in hard 
water (Picicering unpubiisried data i9Ti j,<;; 30 ana 0.6 mgji 
for brook trout (Salvelinus fontinalis) in soft water, and 69 
and 0.3 mg/l for rainbow trout (Salmo gairdnni) in soft 
water (Benoit unpublished dafa  1971).438 Equivalent values 
for trivalent chromium were little different: 27 mg/l for 
the 96-hour LC50, and 1.0 mg/l for a safe concentration 

for fathead minnows in hard water (Pickering unpuiriished 
data 1971).446 

For Daphnia the LC50 of hexavalent chromium was re- 
ported as 0.05 mg/l, and the chronic no-effect level of 
trivalent chromium on reproduction was 0.33 mg/l (Bie- 
singer and Christensen unpublished dafa  1971).“O Some data 
are available concerning the toxicity of chromium to algae. 
The concentrations of chromium that inhibited growth for 
the test organisms are as follows (Hervey 1949):“O Chlor- 
ococcales, 3.2 to 6.4 mg/l; Euglenoids, 0.32 to 1.6 mg/l; 
and diatoms, 0.032 to 0.32 mg/l. Patrick (unpublished data 
1971)447 found that 50 per cent growth reduction for two 
diatoms in hard and soft water occurred at 0.2 to 0.4 mg/l 
chromium. 

Thus it is apparent that there is a great range of sensi- 
tivity to chromium among different species of organisms 
and in different waters. Those lethal levels reported above 
are 17 to 1 18 mg/l for fish, 0.05 mg/l for invertebrates, and 
0.032 to 6.4 mg/l for algae, the highest value being 3,700 
times the lowest one. The apparent “safe” concentration 

concentration of 0.05 mg/l has been selected in order to 
protect other organisms, in particular Daphnia and certain 
diatoms which are affected at  slightly below this concen- 
tration. 
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Recommendation 

Mixed aquatic populations should be protected 
where the concentration of total chromium in 
water does not exceed 0.05 mg/l at any time or 
place. 

Copper 

Copper is known to be particularly toxic to algae and 
mollusks, and the implications of this should be considered 
for any given body of water. Based on studies of effects on 
these organisms, it is known that the criteria for fish protect 
these other forms as well. Recent work (Biesinger et al. 
unpublished data 1971)439 indicated that the safe level of 
copper for reproduction and growth of Daphnia magna in 
soft water (45 mg/l as CaC03) is 0.006 mg/l, which is 
similar to the concentrations described below as safe for 
fish. The relationship of LC50 to water hardness was shown 
in Figure 111-7 for rainbow trout (Salmo gairdneri). 

The safe concentration of copper for reproduction by fat- 
head minnows (Pimephales promelas) in hard water (200 
mg/l as CaC03) was between 0.015 and 0.033 mg/l 
(Mount 1968),*18 and in soft water (30 mg/l as CaCOa) 
was between 0.011 and 0.018 mg/l (Mount and Stephan 
IYOY).”‘ iviore recent work with I”a1iirac-i iiiiiiiiow‘j iil :iZid 
water indicated that a concentration of 0.033 mg/l would 
probably be safe (Brungs unpublished data 1971).“l Ac- 
ceptable reproduction by brook trout (Salvclinus fontinalis) 
in soft water (45 mg/l as CaCOJ occurred between 0.010 
and 0.018 mg/l (McKim and Benoit 1971).416 The safe-to- 
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lethal ratios determined in these studies varied somewhat; 
but that for hard water is close to 0.1 and that for soft water 
is approximately 0.1 to 0.2. In very soft water, typical of 
some northern and mountainous regions, 0.1 of the 96-hour 
LC50 for sensitive species would be close to what is con- 
sidered a natural conc'entration in these waters. 

Recent work indicated that avoidance reactions by fish 
may be as restrictive as reproductive requirements or even 
more so (Sprague 1964b).490 I t  has been demonstrated that 
Atlantic salmon (Salmo salar) avoid a concentration of 0.004 
mg/l in the laboratory. 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of copper safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.1. 

lead 

Lead has a low solubility of 0.5 mg/l in soft water and 
only 0.003 mg/l in hard water, although higher concen- 
trations of suspended and colloidal lead may remain in the 
water. The extreme effects of water hardness on lead toxicity 
are demonstrated by the LC50 values in hard and soft 
waters. The 96-hour LC50 values in soft water (20 to 45 
mg/l as CaC03) were 5 to 7 mg/l and 4 to 5 mg/I for the 
fathead minnow (Pimephales promelas) and the brook trout 
(Salvelinusfontinalis) respectively (Pickering and Henderson 
1966,422" Benoit unpublrshed data 1971).438 Brown (1968)401 
reported a 96-hour LC50 of 1 mg/l for rainbow trout 
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LC50 values of lead in hard water were 482 mg/l and 
442 mg/l for fathead minnow and brook trout (Pickering 
and Henderson 1966).426 

There is not sufficient information on chronic toxicity 
of lead to fish to justify recommending values as application 
factors. However, preliminary information on long ex- 
posures (2 to 3 months) on rainbow trout and brook trout 
(Everhart unpublished data 1971,445 Benoit unpublished data 
1971)4as indicated detrimental effects a t  0.10 mg/l of lead 
in soft water (20 to 45 mg/l as CaC03), a safe-to-lethal 
ratio of less than 0.02. 

Growth of guppies (Lcbisles) was affected by 1.24 mg/l 
of lead (Crandall and Goodnight 1962).'05 Jones (1939)"' 
and Hawksley (1967)'O* found chronic or sublethal effects 
on sticklebacks from lead concentrations of 0.1 and 0.3 
mg/l. The conditioned behavior of goldfish (Carassius 
ouratus) in a light-dark shuttlebox was adversely affected 
by 0.07 mg/l of lead in soft water (Weir and Hine 1970).4s7 

Chronic lead toxicity was recently investigated with 
.Daphnia magna (Biesinger and Christensen unpublished data 
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1971)"O and the effect on reproduction was observed at a 
level of 0.03 mg/l of lead. This concentration of 0.03 mg/l, 
the safe level for Daphnia, is recommended as the criterion 
for protection of aquatic life. It is probably also close to 
the safe level for fish, because the tests described above, 
although somewhat preliminary, indicated that concen- 
trations about 2 or 3 times higher had detrimental effects. 

Recommendation 

The concentration of lead in water should not 
be higher than 0.03 mg/l at any time or place in 
order to protect aquatic life. 

Mercury 

Most data about mercury involve the organic compounds 
(see the discussion of Organic Mercury, p. 172.) Infor- 
mation is available, ho\vever, for inorganic mercury in the 
form of mercuric ions. Short-term 96-hour bioassay studies 
indicated that concentrations of 1 mg/l are fatal to fish 
(Boetius 1960,4!''' Jones 1939,"' Weir and Hine 1970).437 
For long-term esposures of 10 days or more, mercury levels 
as low as 10 to 20 mg/l have been shown to be fatal to fish 
(Uspenskaya 1946).436 

Recommendation 

for organic mercury (p. 174) also pertain here. 
In protecting aquatic life, the recommendations 

Nickel 

The 96-hour LC50 of nickel for fathead minnows 
(Pimephales promelas) ranges from 5 mg/l in soft water (20 
mg/l as CaC03) to 43 mg/l in hard water (360 mg/1 as 
CzCOz) Iundcr 9t i l  tic test conditions (Pickering and Hender- 
son 1966).426 In water of 200 mg/l hardness (as CaCOa), 
the 96-hour LC50 for fathead minnows was 26 to 31 mg/l 
with a chronically safe concentration between 0.8 and 0.4 
mg/l (Pickering unpublished data 1971).446 On  the basis of 
this work, an application factor of 0.02 appeared to be 
appropriate for the protection of fish. If this factor is used, 
the estimated safe concentration of nickel for fathead 
minnows in soft water would be about 0.1 mg/l. Using 
static test conditions and Daphnia magna, Biesinger and 
Christensen (unpublished data 1971)440 determined that a 
nickel concentration of 0.095 mg/l reduced reproduction 
during a 3-week exposure in soft water (45 mg/l as CaC03), 
and a nickel concentration of 0.030 mg/l had no effect. 
This result indicated that the sensitivity of Daphnia magna 
is comparable to that of fish. 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of nickel safe to aquatic 
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life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.02. 

Zinc 

The  acute lethal toxicity of zinc is greatly affected by 
water hardness (see Figure 111-7). Pickering and Henderson 
(1966)426 determined the 96-hour LC50 of zinc for fathead 
minnows (Pimephales promelas) and bluegills (Lepomis macro- 
chirus) using static test conditions. For fathead minnows in 
soft water (20 mg/l as CaC03) the LC50 was 0.87 mg/l, 
and in hard water (360 mg/l as CaC03) it was 33 mg/l. 
Bluegills were more resistant in both waters. Similarly the 
lethal threshold concentration was 3 or 4 times as high for 
coarse fish as for trout (Salvelinusfontinalis) (Ball 1967).398 

The 24-hour LC50 of zinc for rainbow trout (Salmo 
gairdneri) was reduced only 20 per cent when the fish were 
forced to swim at 85 per cent of their maximum sustained 
swimming speed (Herbert and Shurben 1964).409 The maxi- 

mg/l to 2 mg/l on the acute toxicity of zinc was a 50 per cent 
increase (Lloyd 1961 ,413 Cairns and Scheier 1958,404 Picker- 
ing 1968).425 The effects are small in comparison to the 
difference between acutely toxic and safe concentrations. 
The recommended application factor recognizes these 
effects. 

A chronic test in hard water (200 mg/l as CaC03), 
involving fathead minnow reproduction, determined the 
safe concentration of zinc to be between 0.03 mg/l, which 
had no effect, and 0.18 mg/l, which caused 83 per cent 
reduction in fecundity (Brungs 1969).402 Using the 96-hour 
LC50 of 9.2 mg/l, the ratio of the above no-effect concen- 
tration to the LC50 is 0.0034. Interpolation suggests that 
about 0.005 of the LC50 would cause 20 per cent reduction 
of fecundity, making the best estimate of a valid application 
factor close to 0.005. 

There was a reduction in reproduction of Daphnia magna 
at a zinc concentration of 0.10 mg/l using soft water (45 
mg/l as CaC03) (Biesinger and Christensen unpubfished data 
1971).440 No effect was observed at 0.07 mg/l, which indi- 
cated that Daphnia magna was more resistant to zinc than 
the fathead minnow. 

Avoidance reactions by rainbow trout in the laboratory 
have been caused by 0.01 of the LC50 of zinc (Sprague 
1968a) .431 
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Recornrnenddion 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of zinc safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.005 

PESTICIDES 

Pesticides are chemicals, natural and synthetic, used to 
control or destroy plant and animal life considered adverse 
to human society. Since the 1940’s a large number of 
synthetic organic compounds have been developed for 
pesticide purposes. Presently there are thousands of regis- 
tered formulations incorporating nearly 900 different chemi- 
cals. Trends in production and use of pesticides indicate an 
annual increase of about 15 per cent, and there are pre- 
dictions of increased demand during the next decade (Mrak 
1 969).477 The subject of pesticides and their environmental 
significance has been carefully evaluated in the Report of 
the Secretary’s Commission on Pesticides and their Re- 
lationship to Environmental Health (Mrak 1969).477 

&29hOdS, Rate, and Frequency of Application 

Pesticides are used for a wide variety of purposes in a 
multitude of environmental situations. Often they are 
categorized according to their use or intended target (e.g., 
insecciciae, herbicide, fungicidej, but their release in the 
environment presents an inherent hazard to many non- 
target organisms. Some degree of contamination and risk 
is assumed with nearly all pesticide use. The risk to aquatic 
ecosystems depends upon the chemical and physical prop- 
erties of the pesticide, type of formulation, frequency, rate 
and methods of application, and the nature of the receiving 
system. 

The pesticides of greatest concern are those that are 
persistent for long periods and accumulate in the environ- 
ment; those that are highly toxic to man, fish, and wildlife; 
and those that are used in large volumes over broad areas. 
A list of such chemicals recommended for monitoring in the 
environment appears in Appendix 11-F. The majority of 
these compounds are either insecticides or herbicides used 
extensively in agriculture, public health, and for household 
or garden purposes. In the absence of definitive data on 
their individual behavior and their individual effect on the 
environment, some generalization about pesticides is re- 
quired to serve as a guideline for establishing water quality 
criteria to protect aquatic life. In specific instances, how- 
ever, each compound must be considered individually on 
the basis of information about its reaction in the environ- 
ment and its effect on aquatic organisms. 

Sources and Distribu?ion 

The major sources of pesticides in water are runoff from 
treated lands, industrial discharges, and domestic sewage. 
Significant contributions may also occur in fallout from 
atmospheric drift and in precipitation (Tarrant and Tatton 
1968).485 Applications .to water surfaces, intentional or 
otherwise, will result in rapid and extensive contamination. 
The persistent organochlorine pesticides have received the 
greatest attention in monitoring programs (Lichtenberg 
et al. 1970,”’ Henderson et  al. 1969).461 Their extensive 
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distribution in aquatic systems is indicative of environ- 
mental loading from both point and nonpoint sources. 

Many pesticides have a low water solubility that favors 
their rapid sorption on suspended or sedimented materials 
and their affinity to plant and animal lipids. Soluble or 
dispersed fractions of pesticides in the water rapidly decline 
after initial contamination, resulting in increased concen- 
trations in the sediments (Yule and Tomlin 1971).489 In  
streams, much of the residue is in continuous transport on 
suspended particulate material or in sediments (Zabik 
1969).490 The distribution within the stream flow is non- 
uniform because of unequal velocity and unequal distri- 
bution of suspended materials within the stream bed (Feltz 
et al. 1971).454 Seasonal fluctuations in runoff and use 
pattern cause major changes in concentration during the 
year, but the continuous downstream transport tends to 
reduce levels in the upper reaches of streams while increas- 
ing them in the downstream areas and eventually in major 
receiving basins (i.e., lakes, reservoirs, or estuaries). If 
applications in a watershed cease entirely, residues in the 
stream will gradually and continuously decline (Sprague 
et al. 1971).4s4 A similar decline would be espected in the 
receiving basins but at  a slower rate. 

In lakes the sediments apparently act as a reservoir from 
which the pesticide is partitioned into the water phase 
according to the solubility of the compound, the concen- 
tration in the sediment, and the type of sediment (Hamelink 
et  al. 1971).458 Dissolved natural organic materials in the 
water may greatly enhance the water solubility of some 
pesticides (Wershaw et al. 1969).487 Some investigations 
indicated pesticides may be less available to the water in 
eutrophic systems where the higher organic content in the 
sediments has a greater capacity to hold pesticide residues 
(Lotse et al. 1968,472 Hartung 19704w). This in part ex- 
plained the difference in time required for some waters to 
“detoxify,” as observed in lakes treated with toxaphene to 
eradicate undesirable fish species (Terriere et al. 1 966).‘B6 

Herbicides applied to aquatic systems to control plant 
growths are removed from the water by absorption in the 
plants or sorption to the hydrosoil. The rate of disappearance 
from the water may be dependent upon the availability of 
suitable sorption sites. Frank and Comes (1967)455 found 
residues of dichlobenil in soil and water up to 160 days after 
application. They also found that diquat and paraquat 
residues were persistent in hydrosoils for approximately 3 
to 6 months after application. Granular herbicide treat- 
ments made on a volume basis deposit greater quantities on , 

the hydrosoil in deep water areas than in water of less depth. 
The granules may supply herbicide to the water over a 
period of time depending upon solubility of the herbicide, 
concentrations in the granule, and other conditions. 

Because the distribution of pesticides is nonuniform, 
sampling methods and frequency, as well as selection of 
sampling sites, must be scientifically determined (Feltz 
et  al. 1971).454 Pesticides found in the water in suspended 
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particulate material and in sediments may be toxic to 
aquatic organisms or contribute to residue accumulation 
in them. 

Persistence and Biological Accumulation 

All organic pesticides are subject to metabolic and non- 
metabolic degradation in the environment. Specific com- 
pounds vary widely in their rate of degradation, and some 
form degradation products that may be both persistent and 
toxic. Most pesticides are readily degraded to nontoxic or 
elementary materials within a few days to a few months; 
these compounds may be absorbed by aquatic organisms, 
but the residues do  not necessarily accumulate or persist 
for long periods. Concentrations in the organism may be 
higher than ambient water levels, but they rapidly decline 
as water concentrations are diminished. Examples of such 
dynamic exchange have been demonstrated with malathion 
(Bender 1969),448 methosychlor (Burdick et al. 1968),449 
and various herbicides (h4ullison 1970). 478 If degradation 
in water is completed within suficient time to prevent toxic 
or adverse physiological effects, these nonpersistent com- 
pounds d o  not pose a long-term hazard to aquatic life. 
However, degradation rates of specific pesticides are often 
dependent upon environmental conditions. Considerable 
variation in persistence may be obscrved in waters of differ- 
ent types. Gakstatter and \Veiss ( 1965),456 for example, 
have shown that wide variations in the stability of organic 
phosphorous insecticides in water solutions is dependent 
upon the pH of the water. The half-life of malathion was 
reduced from about six months at pH 6 to only one to two 
weeks at  pH 8. Repeated applications and slow degradation 
rates may maintain elevated environmental concentrations, 
but there is no indication that these compounds can be 
accumulated through the food chain. 

Some pesticides, primarily the organochiorine com- 
pounds, are extremeiy stabie, degrading oniy siowiy or 
forming persistent degradation products. Aquatic organisms 
may accumulate these compounds directly by absorption 
from water and by eating contaminated food organisms. 
In  waters containing very low concentrations of pesticides, 
fish probably obtain the greatest amount of residue from 
contaminated foods; but the amount retained in the tissue 
appears to be a function of the pesticide concentration in 
the water and its rate of elimination from the organism 
(Hamelink et al. 1971).45s The  transfer of residues from 
prey to predator in the food chain ultimately results in 
residues in the higher trophic levels many thousand times 
higher than ambient water levels. Examples of trophic 
accumulation have been described in several locations in- 
cluding Clear Lake, California (Hunt and Bischoff 1 960),463 
and Lake Poinsett, South Dakota (Hannon et al. 1970).45g 

Residues 

Samples of wild fish have often contained pesticide resi- 
dues in greater concentrations than are tolerated in any 
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commercia.lly produced agriciiltiira! products. The highest 
concentrations are often found in the most highly prized 
fish. Coho salmon (Oncorhyncus kisutch) from Lake Michigan 
are not considered acceptable for sale in interstate commerce 
on the basis bf an interim guideline for DDT and its 
metabolites set for fish by the U.S. Food and Drug Adminis- 
tration (Mount 1968).476 Lake trout (Saluelinus namaycush) 
and some catches of chubs (Coregonus kiyi and Coregonus hoyi) 
and lake herring (Coregonus artedi) from Lake Michigan also 
exceed the guideline limits and are thus not considered 
acceptable for interstate commerce (Reinert 1970;481 Michi- 
gan Department of Agriculture personal cornmuni~ation).~92 
Pesticide residues in fish or fish products may enter the 
human food chain indirectly in other ways, as in fish oil 
and meal used in domestic animal feeds. 

Fish may survive relatively high residue concentrations 
in their body fats, but residues concentrated in the eggs of 
mature fish may be lethal to the developing fry. Up  to 
100 per cent loss of lake trout (Saluelinus namaycush) fry 
occurred when residues of DDT-DDD in the eggs exceeded 
4.75 mK/ks (Burdick et al. 1964).450 A similar mortality 
was reported in coho salmon fry from Lake Michigan 
where eggs contained significant quantities of DDT, di- 
eldrin, and polychlorinated biphenyls (Johnson and Pecor 
1969;468 Johnson 1968).466 Johnson ( 1967)467 reported that 
adult fish not harmed by low concentrations of endrin in 
water accumulated levels in the eggs that were lethal to the 
developing fry. Residues in fish may be directly harmful 
under stress conditions or at different temperature regimes. 
Brook trout (Saluelinus fontinalis) fed DDT at 3.0 mg/kg 
body weight per week for 26 weeks suffered 96.2 per cent 
mortality during a period of reduced feeding and declining 
water temperature. Mortality of untreated control fish 
during the same period was 1.2 per cent (Macek 1968).473 
Declining water temperature during the fall was believed 
to cause,delayed mortality of salmon parr in streams con- 
taminated with DDT (Elson 1967).'b3 

In addition to the problem of pesticide residues in aquatic 
systems, other problems suggest themselves and remain to 
be investigated, including the potential of resistant fish 
species to accumulate levels hazardous to other species 
(Rosato and Ferguson 1968) ;452 the potential for enhanced 
residue storage when fish are exposed to more than one 
compound (Mayer et ai. 1970);474 and the potential effect 
of metabolites not presently identified. The adverse effects 
of D D T  on the reproductive performance of fish-eating 
birds has been well documented. (See the discussion of 
Wildlife, pp. 194-198.) 

Levels of persistent pesticides in water that will not result 
in undesirable effects cannn t  he rlc=tprminc=rl on the  h n i s  nf 
present knowledge. Water concentrations below the practical 
limits of detection have resulted in unacceptable residues in 
fish for human consumption and have affected reproduction 
and survival of aquatic life. Criteria based upon residue 

concentrations in the tissues of selected species may offer 
some guidance. Tolerance levels for pesticides in wild fish 
have not been established, but action levels have been sug- 
gested by the U.S. Food and Drug Administration (Mount 
1968).476 However, acceptable concentrations of persistent 
pesticides that offer protection to aquatic life and human 
health are unknown. 

I t  should also be recognized that residue criteria are 
probably unacceptable except on a total ecosystem basis. 
Residues in stream fish may meet some guidelines, but 
pesticides from that stream may eventually create excessive 
residues in fish in the downstream receiving basins. Until 
more is known of the effects of persistent pesticide residues, 
any accumulation must be considered undesirable. 

Toxicity 

Concentrations of pesticides that are lethal to aquatic life 
have often occurred in local areas where applications overlap 
streams or lakes, in streams receiving runoff from recently 
treated areas, and where misuse or spillage has occurred. 
Applications of pesticides to water to control noxious 
plants, fish, or insects have also killed desirable species. 
Fish populations, however, usually recovered within a few 
months to a year (Elson 1967).4s3 The recovery of aquatic 
invertebrates in areas that have been heavily contaminated 
may require a longer period, with some species requiring 
several years to regain precontamination numbers (Cope 
1961,45' Ide 1967).465 Undesirable species of insects may be 
the first to repopulate the area (Hynes 1961),464 and in 
some instances the species composition has been completely 
changed (Hopkins et al. 1966)."j2 Areas that are contami- 
nated by pesticide application are subject to loss of fish 
populations and reduced food for fish growth (Schoenthal 
1964,483 Kerswill and Edwards 1967).469 Where residues are 
persistent in bottom sediments for long periods, benthic 
organisms may be damaged even though water concen- 
trations remain low (Wilson and Bond 1969).4ss 

Pesticides are toxic to aquatic life over wide ranges. 
Great differences in susceptibility to different compounds 
exist between species and within species. For example, 
96-hour LC50 values of 5 to 610,000 pg/l were reported 
for various fish species exposed to organophosphate pesti- 
cides (Pickering et al. 1962).479 In addition to species' 
differences, the toxicity may be modified by differences in 
formulation, environmental conditions, animal size and age, 
and physiological condition. The effect of combinations of 
pesticides on aquatic organisms has not received sufficient 
attention. Macek (unpublished data 1971)491 reported that 
combinations of various common pesticides were synergistic 

trout (Salmo gairdnai) ,  while others had additive effects. 
Several of the combinations that were found to be syner- 
gistic are recommended for insect pest control (Table 
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TABLE ZZZ-16-Acute Tosic Znteroctwn of Pesticide 
Combinotwns to Roinbow Trout and Bluegills. 
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data, the application factors for many compounds must be 
arbitrary values set with the intention of providing some 
margin of safety for sensitive species, prolonqed exposure, 
and potential effects of interaction with other compounds. 

Compound A Compound B Tour i P l a n t t i a  

Basis for Criteria 
DOT.. ........................... 
................................ 
................................ 

................................ 

................................ 

................................ 
RnUdon.. ....................... 
................................ 
................................ 

................................ 

................................ 

................................ 

... .#I ............................ 

................... 

................. 

................. 
Bidrin ............................ 

VapolU 
Endrin 
Dieldrin 
Azinphosmelhyl 
ToUphtne 
Zcclnn 
EHC 

Diadnon 
DOT 
EndosuHtn 
Msthoxychlor 
Bayter 
Copper sullale 
DOT 
EPN 
Panthion 
Perthane 
Carbaryl 
Touphens 
Copper sulfate 
DOT 
Azinphmmethyl 
Melhoiychlol 
PIralhion 
DOT 
Endosunan 
Carbaryl 
Sumithion 

COPW SUnIte 

Additim 
Additive 
Additive 
Additive 
Additivr 
Additive 
Synergisliv 
Synergirtic 
Synergistic 
Additive' 
Additive 
Synergistica 
Synergistic 
Anhionistic 
Additive 
Synergistic 
Synergistic 
Synergistiv 
Synergistic0 
Additive0 
Synergistic 
Additive 
Additive0 
Additive 
Additivsa 
Additive 
Additive. 
Additive. 
Additive 

8 This combination raonmended lor conbol 01 In& patr tg Ihe US. Departmenl 01 Agriculture. 
Note: mention 01 l n d e  names does nul constitute endorrsrnenl 

Most data on pesticide effects on aquatic life are limited 
to a few species and concentrations that are lethal in 
short-term tests. The few chronic tests conducted with 
aquatic species indicated that toxic effects occurred at  much 
lower concentrations. Mount and Stephan ( 1967)475 found 
the 96-hour LC50 for fathead minnows (Pimephalespromelas) 
in malathion was 9,000 pg/l, but spinal deformities in adult 
fish occurred during a 10-month exposure to 580 pg/l. 
Eaton (1970)'b2 found that bluegill suffered the same 
crippling effects after chronic exposure to 7.4 pg/l malathion 
and the 96-hour LC50 was 108 pg/l. 

Where chronic toxicity data are available, they may be 
used to develop application factors to estimate safe levels. 
Mount and Stephan (1967)4?5 have suggested using an  
application factor consisting of the laboratory-determined 
maximum concentration that has no effect on chronic 
exposure divided by the 96-hour LC50. Using this method, 
Eaton ( 1970)464 showed that application factors for bluegill 
and fathead minnow exposed to malathion were similar 
despite a greater than 50-fold difference in species sensi- 
tivity. Application factors derived for one compound may 
be appropriate for closely related compounds that have a 
similar mode of action, but additional research is necessary 
to verify this concept. I n  the absence of chronic toxicity 

The reported acute toxicity values and subacute effects 
of pesticides for aquatic life are listed in Appendix 11-D. 
The acute toxicity values multiplied by the appropriate 
application factor provided the recommended criteria. The  
96-hour LC50 should be multiplied by an application factor 
of 0.01 in most cases. The  value derived from multiplying 
the 96-hour LC50 by a factor of 0.01 can be used as the 
24-hour average concentration. 

Recommended concentrations of pesticides may be below 
those presently detectable without additional extraction and 
concentration techniques. However, concentrations below 
those detectable by routine techniques are known to cause 
detrimental effects to aquatic organisms and to man. 
Therefore, recommendations are based on bioassay pro- 
cedures and the use of an  appropriate application factor. 

The recommendations are based upon the most sensitive 
species. Permissible concentrations in water have been sug- 
gested only where several animal species have been tested. 
Where toxicity data are not available, acute toxicity bio- 
assays should be conducted with locally important sensitive 
aquatic species, and safe levels should be estimated by using 
an application factor of 0.01. 

Some organochlorine pesticides (;.e., DDT including 
DDD and DDE, aldrin, dieldrin, endrin, chlordane, hepta- 
chlor, toxaphene, lindane, endosulfan, and benzene hexa- 
chloride) are considered especially hazardous because of 
their persistence and accumulation in aquatic organisms. 
'l'hese compounds, inciuding some of their IiieidiJuiiics, a1.c 

dlrectiy toxic to various aquatic species di CciiCeiiiiaiioiij 
of less than one pg/l. Their accumulation in aquatic systems 
presents a hazard, both real and potential, to animals in 
the higher trophic levels, including man (Pimentel 197 1 ,480 

hlrak 1969,477 Kraybill 1969,470 Gillett 1 969).457 Present 
knowledge is not yet sufficient to predict or estimate safe 
concentrations of these compounds in aquatic systems. H O W -  

ever, residue concentrations in aquatic organisms provide a 
measure of environmental contamination. Therefore, spe- 
cific maximum tissue concentrations have been recom- 
mended as a guidgline for water quality control. 

. 

Recommendations 

Organochlorine Insecticides The recommenda- 
tions for selected organochlorine insecticides are 
based upon levels in water and residue concentra- 
tions in whole fish on a wet weight basis. Aquatic 
life should be protected where the maximum con- 
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centration of the organochlorine pesticide in the 
water does not exceed the values listed in Table 
PPI-97. 

For the protection of predators, the following 
values are suggested for residues in whole fish (wet 
weight): DDT (including DDD and DDE)-1.0 
mg/kg; aldrin, dieldrin, endrin, heptachlor (in- 
cluding heptachlor epoxide), chlordane, lindane, 
benzene hexachloride, toxaphene, and endo- 
sulfan-0.1 mg/kg, either singly or in combination. 
For further discussion, see the section on Wildlife 
(P. 197). 

If fish and wildlife are to be protected, and where 
residues exceed the recommended concentrations, 
pesticide use should be restricted until the recom- 
mended concentrations are reached (except where 
a substitute pesticide will not protect human 
health). 

Other pesticides The recommended maximum 
concentrations of pesticides in freshwater are listed 
iii Tabit! iii-ia except that  where pesticides are 
applied to water to kill undesirable aquatic life, 
the values will be higher. In  the latter instances, 
care should be taken to avoid indiscriminate use 
and to insure that application of the pesticide 
follows the prescribed methods. 

OTHER TOXICAPdTS 

Ammonia 

Ammonia is discharged from a wide variety of industrial 
processes and cleaning operations that use ammonia or 
ammonia salts. Ammonia also results from the decompo- 
sition of organic matter. 

Ammonia gas is soluble in water in the form of am- 
monium hydroxide to the extent of 100,000 mg/l a t  20 C. 
Ammonium hydroxide dissociates readily into ammonium 

TABLE ZZZ-17-Recommended Maximum Concentrations of 
Organochlorine Pesticides in Whole (Unfiltered) Woter, 

Sampled at Any Time ond Any Place.* 

Organochlorine pesticides Rwmmonded m d m u m  concontration (,&I) 

0.01 
0.001 
0.008 
0.005 
0.04 

0.002 
Endosulfan. 0.003 

Heptachlor.. 0.01 
Lindano.. 0.02 
Mothovchlm.. 0.00s 
Towhono.. 0.01 

......................................... .......- .............................................. ..,,. 
............ 

............. 
........ 

........... 

Comntntiomrrwdalerminadb) mlas~inglbacdDlondbn~fImMo mmoremitims&xies(App&~ 
11.0) bl an appliution laclor d 0.01 excepl w h  an oxpacimoatalty defimd a w t i o n  faclm is indicated 

TABLE ZZI-18-Recommended Maximum Concentrationr oj  
Other Pesticides in Whole (Unfiltered) Woter. Sompled a t  

Any Time and Any P&ce.- 

Organophmphalo insalkidm Ra.ammondcd m d m u m  conanlntlon (,,g/l) 

................. .................. 

................ 
Carbophenothion.. ................. 
Chlorothion.. ................................. 
Ciodrin.. ..................................... 
Coumaphm.. .................................. 
Demalon. ........................................... 
Oiazinon.. .......................................... 
Oichlonm.. ......................................... 

.................... 

.................... 
E W o n  ............... 
EPN.. .................................. 
Fsnlhion. ...................................... 
Ma!aIhion ........................................... 
Methyl P i r a W w  ..................................... 
Mednphor.. ......................................... 
Naiad.. ............................................. 
Oqdrmaton mwl. ................................. 
hralhinn .................................. 

Ronnel.. .................. 
TEPP.. ................... 
Triehlorophon.. ...................................... 

0) 
0.001 
0) 
(b) 
(b) 
0.1 
0.001 
(b) 
0.W 
0.001 
0.09 
0.05 
0.001 
0.02 
0.06 
0.006 
0.000 
(b) 
0.002 
0.004 
0.4 

(b) 
0.03 
(b) 
0.4 
0.002 

" In.,. Y.Y..,. 

Carbamala insecticides Recommended maximum conconbtionr 

A m n m r b  ........................................... 
Bayer ............................................... 
Biygon.. ............................................ 
Carbavl.. ........................................... 
ZKflm.. ............................................ 

Hefbicider. fundrider and ddoliantr Recommended M I i m u m  conwntritionr ( r g / l )  

Acrolein.. .................................... 
Aminoln'azolo ........................................ 
Balm. .............................................. 
Bensulido.. .......................................... 
Choroxuron. ......................................... 
ClPC ................................................ 

................................... 

................................... 

................................... 

................................... 
Oiamka ............................................. 
Oichlobenil .......................................... 
Dichlono ............................................ 
Diquat. ................ .................... 
O i w  on... ............... 
OifoSbn ............................................. 
Oimbobufyf phenol.. ..................... 
Dipherundd.. ............................ 
2.4-0 (PGB E)... .................................... 
2.4-0 (BEE) ......................................... 
2.4.0(10E) ......................................... 
2.4.0 (Diethylamino ab). ........................... 
Endotha1 (Disodium an) .............................. 
E n d o w l  (Dipohmum nn). .......................... 
E p m  ............................................... 
Feme (Sodinm nh). ................................. 
Hyimino-16n.. ..................................... 
Hyimino-2389. ...................................... 
HydroUal.47.. ...................................... 
Hydrothll-191.. ...................................... 
Hydrothat plus.. ..................................... 
IPC ................................................. 
MCPA. ............................................. 
Mo(inato.. .......................................... 
Mmmw.. .......................................... 
Panqlal. ........................................... 

.................. 
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TABLE IZZ-l&Con tinued 

Ptbubts.. .......................................... 
Fidmm.. ........................................... 
Roplnil.. ........................................... 
Siihr @EO ......................................... 
Siihr (P6Bg ....................................... 
*In1 (log.. ....................................... 
Silni (Pobsdum all) ................................ 

Trinnrnlin .......................................... 
vsaobte.. .......................................... 

....................................... 

Allathrin ............................................. 
F'yrelhrum.. ......................................... 
Rotenone.. .......................................... 

0.00, 
0.01 

10.0 

* Concsntntions me datcrmined b, multiplyim the amts toricit, nlues for the moa rtndtive wes ( A p  

b lnnmkienl data to datermins safe wnontntionr 
pndi i  Il-D)b, an appliation facto! of 0.01 eImpt wherein experimentally derived appliationfactor isindiated. 

and hydroxyl ions as follows: 

NHs+HzO+HN4++ OH- 

The equilibrium of the reaction is dependent upon pH, 
and within the pH range of most natural waters ammonium 
ions predominate (Figure 111-10). Since the toxic com- 
ponent of ammonia solutions is the un-ionized ammonia, 
toxicity of ammonia solutions increases with increased p H  
(Ellis 1937,497 Wuhrmann et  al. 1947,508 M'uhrmann and 
M'oker 1948,m Downing and Merkens 1955'96). 

Wuhrmann ( 1952),507 Downing and Merkens (1955),496 
and Merkens and Downing (1957)505 found that a decrease 
in dissolved oxygen concentration increased the toxicity of 
un-ionized ammonia to several species of freshwater fishes. 
Lloyd (1961)602 showed that the increase in toxicity of 
un-ionized ammonia to rainbow trout (Salmc, guirdneri) with 
decreased oxygen was .considerably more severe than for 
zinc, copper, lead, or phenol. 

Much of the data on ammonia toxicity is not useable, 
because reporting of chemical conditions or experimental 
control was unsatisfactory. Ellis ( 1937)497 reported that 
total ammonia nitrogen concentrations of 2.5 mg/l in the 
p H  range of 7.4 to 8.5 were harmful to several fish species, 
but concentrations of 1.5 mg/l were not. Most streams 
without a source of pollution contained considcrably less 
than 1 mg/l total ammonia. The sublethal and acutely 
toxic concentrations of un-ionized ammonia for various fish 
species are given in Table 111-19. 

Brockway (1  950)494 found impairment of oxygen-carrying 
capacity of the blood of trout at  a total ammonia nitrogen 
concentration of 0.3 mg/l. Fromm (1970)499 found that at  
total ammonia nitrogen concentrations of 5 mg/l, ammonia 
excretion by rainbow trout (Salmo gairdneri) was inhibited ; 
at 3 mg/l the trout became hyperexcitable; and at  8 mg/l 
(approximately 1 mg/l un-ionized ammonia) 50 per cent 
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TABLE ZZI-lGSubletho1 ond Acutely Toxic Concentrotions 
of Un-Zonized Ammonio for Various Fish Species" 

Pmh(Perca) ......................... 0.29 
Roach (Haprokms) ................. 0.35 
Rudd (Sardinius).. ................... 0.36 
Bream (lcpomir),. .................... 0.41 
Rainbowbo ul ......................... 0.41 
Rainbow lruul ......................... 0.U4.4 
ALhntic nlmon (Salmo alar). .......... 0.38 
Rainbow trout., ....................... 0.88 
Trout.. ......................................... 
Chinwk almon (Oncorhyochus ........... 

bhawltnhau) 

........... 

........... 
0.046 

........... 

........... 

........... 

........... 

........... 

........... 

........... 

........... 
co.21 
<O.W6 

Hue1 et al. (1911)500 

Lloyd and OR (1969)'m 
.................................... 

1 1 1  (196lF 
.................................... 
.................................... 
.................................... 
.................................... 
Lloyd and Herbert (19E4)'a 
Herbertand Shurben (196950' 

Reichenbarh.Klinke ( 1 9 6 7 F  
Burrows ( 1 9 M P  

.................................... 

a To insure I high lsnt ol proteetior. the mean of the 96.hour LCSO's was used as a bars, and an appliution lac 
tor 01 0.05 applied to arrive at an aaepttble level for mort s p i e s  in lresh water. Two aprtarenltj redslant wecia: 
were ominsd because t h g  were lar out 01 line with the otherr Alter appliution of the Iador. the resubnt level is 
approrimatel) half that proictted lrom the data of Lloyd and Orr (1969).5°' 

were dead in 24 hours (Fromin 1970).4gg Goldfish (Carassius 
auralus) were more tolerant; at 40 mg/l of total ammonia 
nitrogen, 10 per cent were dead in 24 hours. 

Burrows ( 1  964) 495 found progressive gill hyperplasia in 
fingerling chinook salmon (Oncorhllnchus /shawjrfscho) during 
a six-week exposure to the lowest concentration applied, 
0.006 mg/l un-ionized ammonia. Reichenhach-Klinke 
(1967)506 also noted gill hyperplasia, as well as pathology of 
the liver and blood, of various species a t  un-ionized am- 
monia concentrations of 0.27 mg/1. Exposure of carp 
(Clprinus corpio) to sublethal un-ionized ammonia concen- 

tensi-:e zccrc!tic c h a ~ g ~ g  and t k i x  disintegration in various 
organs (Flis 1968).498 

Lloyd and Orr (1969)503 found that volume of urine pro- 
duction increased with exposure to increasing ammonia 
concentrations, but that an ammonia concentration of 12 
per cent of the lethal threshold concentration resulted in 
no increased production of urine. This concentration of 
un-ionized ammonia was 0.046 mg/l for the rainbow trout 
used in the experiments. 

Recommendation - 
Once a 96-hour LC50 has been determined using 

the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of un-ionized ammonia 
("J safe to aquatic life in that water can be esti- 
mated by multiplying the 96-hr LC50 by an appli- 
cation factor of 0.05; but no concentration greater 
than 0.02 mg/l is recommended at' any time or 
place. 

L--L-- -  &.U,I"..> f- ... +L- L.... ::zge zf Q . 1 1  Q,?4 ---a. m m / l  - r m i i l t t y l  - - - -  - in cx- 
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Chlorine 

Chlorine and chloramines are widely used in treatment of 
potable water supplies and sewage-treatment-plant effluents, 
and in power plants, textile and paper mills, and certain 
other industries. Field tests conducted on caged fish in 
streams below a sewage outfall where chlorinated and non- 
chlorinated effluents were discharged showed that toxic 
conditions occurred for rainbow trout (Salmo gairdneri) 0.8 
miles below the plant discharge point when chlorinated 
effluents were discharged (Basch et al. 1971).511 It has also 
been shown that total numbers of fish and numbers of 
species were drastically reduced below industrial plants 
discharging chlorinated sewage effluents (Tsai 1 968,517 
1 970). 51 * 

The toxicity to aquatic life of chlorine in water will 
depend upon the concentration of residual chlorine re- 
maining and the relative amounts of free chlorine and chlor- 
amines. Since addition of chlorine or hypochlorites to water 
containing nitrogenous materials rapidly forms chloramines, 
problems of toxicity in most receiving waters are related to 
chloramine concentrations. Merkens ( 1958)515 stated that 
toxicities of free chlorine and chloramines were best esti- 
mated from total chlorine residuals. In monitoring pro- 
grams, evaluation of chlorine content of water is usually 
stated in terms of total chlorine residuals. Because the 
chlorine concentrations of concern are below the level of 
detection by the orthotolidine method, a more sensitive 
analytical technique is recommended. 

The literature summarized by McKee and Wolf (1963)514 
showed a wide range of acute chlorine toxicity to various 
aquatic organisms, but the conditions of the tests varied so 
widely that estimation of generally applicable acute or 
safe levels cannot be derived from the combined data. It 
has also been demonstrated that small amounts of chlorine 
can greatly increase the toxicity of various industrial 
effluents. 

Merkens (1958)515 found that at  pH 7.0, 0.008 mg/l 
residual chlorine killed half the test fish in seven days. The 
test results were obtained using the amperometric titration 
and the diethyl-!-phenylene diamine methods of chlorine 
analysis. Zillich (1 972),5’9 working with chlorinated sewage 
effluent, determined that threshold toxicity for fathead 
minnows (Pimejhafes promelus) was 0.04-0.05 mg/l residual 
chlorine. In  two series of 96-hour LC50 tests an average of 
0.05-0.19 mg/l residual chlorine was noted. Basch et al. 
(1971)5” found 96-hour LC50 for rainbow trout (Salmo 
gairdneri) to be 0.23 mg/1. Arthur and Eaton (1971),510 
working with fathead minnows and Gammaruspseudolimnaeus, 
found that the 96-hour LC50 total residual chlorine 
(as chloramine) for Garnmurus was 0.22 mg/l, and that 
all minnows were dead after 72 hours at  0.15 mg/l. 
After seven days exposure to 0.09 mg/l, the first fish died. 
The LC50 for minnows was therefore between these levels. 
In chronic tests extending for 15 weeks, survival of Gummarus 
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was reduced at 0.04 mg/l, and reproduction was reduced at  
0.0034 mg/l. Growth and survival of fathead minnows after 
21 weeks was not affected by continuous exposure to 0.043 
mg/l total chloramines, but fecundity of females was re- 
duced. The highest level showing no significant effect was 
0.016 mg/l. Merkens (1958)’15 postulated by extrapolation 
that a concentration of 0.004 mg/l residual chlorine would 
permit one half the test fish to survive one year. Sprague 
and Drury (1969)516 have shown an avoidance response of 
rainbow trout to free chlorine at 0.001 mg/l. 

Aquatic organisms will tolerate longer short-term ex- 
posures to much higher levels of chlorine than the concen- 
trations which have adverse chronic effects. Brungs ( 1  972)512 
in a review has noted that I-hour LC5O’s of fish vary from 
0.74 to 0.88 mg/I, and that longer short-term exposures 
have LC5O’s lower but still substantially higher than ac- 
ceptable for long-term exposure. Available information, 
however, does not show what effect repeated exposure to 
these, or lower levels, will have on aquatic life. 

Because Gummarus, an essential food for fish, is affected 
at  0.0034 mg/l, and a safe level is judged to be one that 
will not permit adverse effect on any element of the biota, 
the following recommendation has been madc. 

Recommendation 

Aquatic life should be protected where the con- 
centration of residual chlorine in the receiving 
system does not exceed 0.003 mg/l at any time or 
place. Aquatic organisms will tolerate short-term 
exposure to high levels of chlorine. Until more is 
known about the short-term effects, it is recom- 
mended that total residual chlorine should not 
exceed 0.05 mg/l for a period up to 30-minutes in 
any 24-hour period. 

Cyanides 

The cyanide radical is a constituent of many compounds 
or complex ions that may be present in industrial wastes. 
Cyanide-bearing wastes may derive from gas works, coke 
ovens, scrubbing of gases in steel plants, metal plating 
operations, and chemical industries. The toxicity of cyanides 
varies widely with pH, temperature, and dissolved oxygen 
concentration. The pH is especially important, since the 
toxicity of some cyanide complexes changes manyfold over 
the range commonly found in receiving waters. 

“Free cyanide” (CN- ion and HCN) occurs mostly as 
molecular hydrogen cyanide, the more toxic form, a t  p H  lev- 
els of natural waters as well as in unusually acid waters. Fifty 
per cent ionization of the acid occurs at  pH near 9.3. Free 
cyanide concentrations from 0.05 to 0.01 mg/l as CN have 
proved fatal to many sensitive fishes (Jones 1964),527 and 
levels much above 0.2 mg/l are rapidly fatal for most 
species of fish. A level as low as 0.01 mg/l is known to have 
a pronounced, rapid, and lasting effect on the swimming 
ability of salmonid fishes. 
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’“he work of Uoudorofet  al. (1966)524 has demonstrated 
that the effective toxicant to fish in nearly all solutions of 
complex metallocyanides tested was molecular HCN, the 
complex ions being relatively harmless. The total cyanide 
content of such solutions is not a reliable index of their 
toxicity. The HCN derives from dissociation of the complex 
ions, which can be greatly influenced by p H  changes. 
Doudoroff ( I  956)523 demonstrated a morc than thousand- 
fold increase of the toxicity of the nickelocyanide complex 
associated with a decrease of p H  from 8.0 to 6.5. A change 
in pH from 7.8 to 7.5 increased the toxicity more than 
tenfold. 

Burdick and Lipschuetz (1948)521 have shown that so- 
lutions containing the ferro and ferricyanide complexes 
become highly toxic to fish through photodecomposition 
upon exposure to sunlight. Numerous investigations have 
shown that toxicity of free cyanide increased a t  reduced 
oxygen concentrations (Downing 1 954,525 IVuhrmann and 
Woker 1955,528 Burdick et al. 1958,520 Cairns and Scheier 
1963).5?2 The toxic action is known to be accelerated 
iriaritediy by increased temperature (\.\;uhrmann and Woker 
1955,52s Cairns and Scheier 1963),52 but the influence of 
temperature during long exposure has not -been demon- 
strated. The toxicity of the nitriles (organic cyanides) to fish 
varied greatly. Henderson et al. ( 1960)526 found marked 
cumulative toxicity of acrylonitrile. Lactonitrile decom- 
posed rapidly in water yielding free cyanide, and its high 
toxicity evidently was due to the HCN formed. 

The  toxicity of cyanide to diatoms varied little with 
change of temperature and was a little greater in soft water 
than in hard water (Patrick unpublished data 1971).529 For 
Nitzchia linearis, concentrations found to cause a 50 per cent 
reduction in growth of the population in soft water (44 
mg/l Ca-Mg as CaC03) were 0.92 mg/l (CN) at  72 F, 0.30 
mg/l at  82 F, and 0.28 mg/l at  86 F. For JVacicula seminrrlum 
uar. Husledlil, the concentrations reducing growth of the 
population by 50 per cent in hard water (1 70 mg/l Ca-Mg 
as CaC03) were found to be 0.36 mg/l at 72 F, 0.49 mg/l 
at 82 F, and 0.42 mg/l at  86 F. Cyanide appeared to be 
more toxic to animals than to algae. 

Recommended maximum concentrations of cyanide-bear- 
ing wastes of unknown composition and properties should 
be determined by static and flow-through bioassays. The 
bioassays should be performed with dissolved oxygen, tem- 
perature, and pH held at  the local water quality conditions 
under which cyanides are most tokc. Because the partial 
dissociation of some complex metallocyanide ions may be 
slow, static bioassays may reveal much greater toxicity 
than that demonstrable by the flow-through methods. O n  
the other hand, standing test solutions of slmpie and some 
complex cyanides exposed to the atmosphere gradually lose 
their toxicity, because the volatile HCN escapes. 

Chemical determination of the concentration of undis- 
sociated, molecular HCN alone may be the best way to 
evaluate the danger of free cyanide to fish in waters receiving 

cyanide bearing wastes. Such tests may reveal the occur- 
rence of harmful concentrations of HCN not predictable 
through bioassay of the wastes. Because an acceptable 
concentration of HCN or fraction of a LC50 of cyanides 
and cyanide-bearing effluents has not yet been positively 
determined, a conservative estimate must be made; and 
because levels as low as 0.01 mg/l have proved harmful 
under some conditions, a factor of 0.05 should be applied 
to LC50 levels. 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of free cyanide (CN-) 
safe to aquatic life in that water can be estimated 
by multiplying the 96-hour LC50 by an application 
factor of 0.05; but no concentration greater than 
0.005 mg/l is recommended at any time or place. 

Dc?!2:$2n?: 

Detergents are a common component of sewage and in- 
dustrial effluents derived in largest amounts from household 
cleaning agents. In 1965 a shift from tetrapropylenc-derived 
alkylbenzene sulfonates (ABS) to the more biodcgradahle 
linear alkylate sulfonates (LAS) was made by the detergent 
industry. In current detergent formulas, LAS is the primary 
toxic active compound, two to four times more toxic than 
ABS (Pickering 1 966).534 However, toxicity of LAS dis- 
appears along with the methylene I h e  active substances 
(MBAS) response upon biodegradation (Swisher I 967).s3’ 
Retrieval of MBAS data from the National Surveillance 
Stations throughout the U S .  from 1966 to the present 
showed that the mean of 3,608 samples was less than 0.1 
mg/l. There has been a downward trend in MBAS concen- 
trations. Only four stations reported mean concentrations 
greater than 0.2 mg/l. 

The MBAS determination has lieen the routine analytical 
method for measurement of surfactant concentrations. Posi- 
tive errors are more common than negative ones in the 
determination of anionic surfactants in water (Standard 
Methods 1971).536 An infrared determination or a carbon 
absorption cleanup procedure is recommended when high 
MBAS concentrations are found. 

Marchetti ( 1965p3 critically reviewed the effects of de- 
tergents on aquatic life. Most available information on 
LAS toxicity relates to fish. Short term studies by a number 
of investigators have shown that lethal concentrations to 
selected fish species vary from 0.2 to 10.0 mg/l (Hokanson 
and Smith 1971).532 Bardach et al. (1965)j3’ reported that 
10 mg/l is lethal to bullheads (Ictalurus sp.), and that 0.5 
mg/l eroded 50 per cent of their taste buds within 24 days. 
Thatcher and Santner ( 1 9 6 6 y  found 96-hour LC50 values 
from 3.3 to 6.4 mg/l for five species of fish. 

Pickering and Thatcher (1970)535 found in their study of 
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chronic toxicity that a concentration of 0.63 mg/l had no 
measurable effect. on the life cycle of the fathead minnow 
(Pimephales promelas), while a concentration of 1.2 mg/l was 
lethal to the newly hatched fry. A safe level should be 
between 14 and 28 per cent of the 96-hour LC50. Hokanson 
and Smith (1971)6s2 reported that a concentration of I mg/l 
was an approximate safe concentration for bluegills in 
Mississippi River water of good quality. Arthur (197O)s3O 
found that the no-effect level of LAS on Gammarus pseudo- 
limnaeus was 0.2 to 0.4 mg/l. This investigator also subjected 
opculate and pulmonate snails to 60-week exposures of 
LAS and showed the toxicity levels to be 0.4 to 1.0 mg/l 
and greater than 4.4 mg/l, respectively. 

Detergent Builders 

Phosphates have been included in household detergents 
to increase their effectiveness, although this use has been 
seriously questioned recently. Nitrilotriacetate (NTA) and 
other builders have been tried, but most are either less 
effective or have been barred for reasons of potential health 
hazard. Available builders do  not have serious direct effects 
on fish or aquatic organisms at concentrations likely to be 
encountered in receiving waters. In view of the uncertain 
legal status of present commercial detergents and the 
extensive search for adequate substitutes now in progress, 
recommendations for builders are not practical at this time. 
However, it can be stated that a satisfactory builder should 
be biologically degradable and nontoxic to aquatic 
organisms and humans, and that it should not cause aes- 
thetic problems in the receiving water. 

Recommendation 

Clrnce a 96-hnur LC50 has been determined using 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of LAS safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.05; 
but no concentration greater than 0.2 mg/l is 
recommended at any time or place. 

Phenolics 

Phenols and phenolic wastes are derived from petroleum, 
coke, and chemical industries; wood distillation ; and do- 
mestic and animal wastes. Many phenolic compounds are 
more toxic than pure phenol: their toxicity varies with the 
combinations and general nature of total wastes. Acute 
toxicity of pure phenol varies between 0.079 mg/l in 30 
minutes to minnows, and 56.0 mg/l in 96 hours to mosquito 
fish (Gambusia aflnis). Mitrovic et  al. (1968)541 found a 
48-hour LC50 of 7.5 mg/l to trout; they noted that exposure 
to 6.5 mg/l caused damage to epithelial cells in 2 hours, 
and extensive damage to reproductive systems in 7 days. 
Ellis (1937)63g reported 1.0 mg/l safe to trout; and 0.10 

mg/l was found nonlethal to bluegill (Lepomis macrochirus) 
in 48 hours (Turnbull et al. 1 954).54? These studies illustrated 
the wide range of phenol toxicity. There is not yet adequate 
documentation about chronic effects and toxicity of mixed 
wastes on which to base recommendations of safe levels for 
fish'. 

Phenolics affect the taste of fish at  levels that do  not 
appear to affect fish physiology adversely. Mixed wastes 
often have more objectionable effects than pure materials. 
For example, 2,4-dicholorphenol affects taste a t  0.001 to 
0.005 mg/l; )-chlorophenol at  0.01 to 0.06 nig/1; and 
2-methyl, 6-chlorophenol at  0.003 mg/l. (See the discussion 
of Tainting Substances, p. 147.) Pure phenol did not affect 
taste'until levels of I to 10 mg/l were reached (Fetterolf 
1964).540 The taste of fish in most polluted situations is 
adversely affected by phenolics before acute tosic effects 
are observed. 

Recommendations 

In view of the wide range of concentrations of 
phenolics which produce toxic effects in fish and 
the generally lower levels which taint fish flesh, i t  
is recommended that taste and odor criteria be 
used to determine suitability of waste receiving 
waters to support usable fish populations. Where 
problems of fish kills occur or fish are subjected to 
occasional short-term exposure to phenolic com- 
pounds, a 96-hour LC50 should be determined 
using the receiving water in question and the most 
sensitive important fish in the locality as the test 
animal. Concentrations of phenolic compounds 
safe to fish in that water can then be estimated by 
multiplying the 96-hour LC50 by an application 
factor of 0.05; but no concentration greater than 
Oil  mg/1 is recommended at any time or place. 
Tests of other species will be necessary to protect 
other trophic levels. 

Sulfides 

Sulfides are constituents of many industrial wastes, such 
as those from tanneries, paper mills, chemical plants, and 
gas works. Hydrogen sulfide may be generated by the 
anaerobic decomposition of, sewage and other organic 
matter in the water, and in sludge beds. Natural production 
of H2S may also result from deposits of organic material. 

When soluble sulfides are added to water, they react 
with hydrogen ions to form HS- or H?S, the proportion of 
each depending on the pH values. The toxicity of sulfides 
derives primarily from H?S rather than the sulfide ion. The 
rapid combination of H?S with other materials, including 
oxygen, has frequently caused investigators to overlook the 
importance of H2S as it affects,aquatic life, especially when 
it originates from sludge beds. Because water samples 
usually are not taken at  the mud/water interface, the im- 
portance of H2S in this habitat for fish eggs, fish fry, and 
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fish food organisms is often overlooked (Colby and Smith 
1967).s45 

Hydrogen sulfide is a poisonous gas, soluble in water to 
the extent of about 4,000 mg/l at 20 C and one atmosphere 
of pressure (Figure 111-1 1). Upon solution, it dissociates 
according to the reaction H,S-+HS-+H+ and HS--+ 
S--+H+. At pH 9, about 99 per cent of the sulfide is in 
the form of HS-; at pH 7 it is about equally divided between 
HS- and H2S; and at pH 5 about 99 per cent is present 
as H2S. 

Consequently, the toxicity of sulfides increases at lower 
pH because a greater proportion is in the form of undissoci- 
ated HZS. Only at pH 10 and above is the sulfide ion 
present in appreciable amounts. In polluted situations, 
where the pH may be neutral or below 7.0, or where oxygen 
levels are low but not lethal, problems arising from sulfides 
or from hydrogen sulfide generated in sludge deposits will 
be increased. 

Much available data on the toxicity of hydrogen sulfide 
to fish and aquatic life have been based on extremely short 
exposure periods and have failed to give adequate infor- 
mation on water quality, oxygen, and pH. Consequently, 
early data have suggested that concentrations between 0.3 
and 4.0 mg/l permit fish to survive (Schaut 1939,546 
VanHorn 1958,550 Bonn and Follis 1967,544 Theede et al. 
1969).549 Recent data both in field situations and under 
controlled laboratory conditions demonstrated hydrogen 
sulfide toxicity at lower concentrations. Colby and Smith 
(1967)545 found that concentrations as high as 0.7 mg/l 
were found within 20 mm of the bottom on sludge beds, 
and that levels of 0.1 to 0.02 mg/l were common within the 
first 20 mm of water above this layer. Walleye (Stizosledion 
vitreum u.) eggs held in trays in this zone did not hatch. 
Adelman and Smith (1970)543 reported that hatching of 
northern pike (Esox lucius) eggs was substantially reduced 
at 0.025 mg/l of H& and at 0.047 mg/l mortality was 
almost complete. Northern pike fry had 96-hour LC50 
values that varied from 0.017 to 0.032 mg/l at normal 
oxygen levels (6.0 mg/l). The highest concentration of 
hydrogen sulfide at  which no short-term effects on eggs or 
fry were observed was 0.814 mg/l. Smith and Oseid (in 
press 1971),54s working on eggs, fry, and juveniles of walleyes 
and white suckers (Catostomus commersonni), and Smith 
(1971),547 working on walleyes and fathead minnows 
(Pimephales promelas), found that safe levels varied from 
0.0029 to 0.012 mg/l with eggs being the least sensitive and 
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TABLE Ill-20-96-Hour Le50 and Safe Levels Based on  No  
Adverse Eflect on  Criticul Life History Stages 

Northern pike ............................ ms 
h, 

fr) 
juvenile 

rn 
pvcnile 

Fathod minnows ......................... juvenile 
dun 

Bluefill .................................. juvenile 
aduH 

Grmmnr prcudoGmnreur.. .............. 
H e n ~ e n b  limbab ........................ 

Wll lqe  ................................. *Is 

While Sucku ............................ ms ...... 

0.011 
0.026 
0.011 
0. Wl 
0.011 

0.0018 
0.011 
0.032 (at m C) 
0.032 
0.032 
0.032 
0.042 (IObY) 
0 .w)  

0.014 
0.W4 
0.012 
0 . W l  
0.w31 
0.01s 
O.wI2 
0.002 
0 . W l  
0.003 
0.002 
0.002 
0.0031 

juveniles being the most sensitive in short-term tests (Table 
111-20). In 96-hour bioassays fathead minnows and goldfish 
(Carassius arrrafus) varied greatly in tolerance to hydrogen 
sulfide with changes in temperature. They were more 
tolerant a t  low temperatures (6 to 10 C ) .  

On the basis of chronic tests evaluating growth and 
survival, the safe level for bluegill (Lepomis macrochirus) 
juveniles and adults was 0.002 mg/l. White sucker eggs all 
hatched at  0.015 mg/l, but juveniles showed a negligible 
growth reduction at 0.002 mg/l. Safe levels for fathead 
minnows were between 0.002 and 0.003 mg/l. Studies on 
various arthropods (Gammarus pseudolimnaeus and Hexagenia 
limbata), useful as fish food, indicated that safe levels were 
between 0.002 and 0.003 mg/l (Smith 1971).547 Some species 
typical of normally stressed habitats were much more re- 
sistant (Asellus sp.). 

iiecornrnendaiion 

On the basis of available data, a level of undis- 
sociated hydrogen sulfide assumed to be safe for 
all aquatic organisms including fish is 0.002 mg/1. 
At a pH of 6.0 and a temperature of 13.0 C, approxi- 
mately 99 per cent of the total sulfide is present as 
undissociated hydrogen sulfide. Therefore, to pro- 
tect aquatic organisms within the acceptable limits 
of pH and temperature, it is recommended that 
the concentration of total sulfides not exceed 0.002 
mg/l at any time or place. 



In  this report, wildlife is defined as all species of verte- 
brates other than fish and man. To assure the short-term 
and long-term survival of wildlife, the water of the aquatic 
ecosystem rniist he nf the qiralit:, 2nd qurrn!it;~ ?c1 f i x ~ I s h  
the necessary life support throughout the life-cycle of the 
species involved. I n  addition to the quantity, the quality of 
food substances produced by the aquatic environment must 
be adequate to support the long-term survival of the wild- 
life species. 

Many species of wildlife require the existence of specific, 
complex, and relatively undisturbed ecosystems for their 
continued existence. Aquatic ecosystems, such as bogs, 
muskegs, seepages, swamps, and marshes, can exhibit 
marked fragility under the influence of changing water 
levels, various pollutants, fire, or human activity. Changes 
in the abundance of animal populations living in such 
aquatic communities can result in reactions and altered 
abundance of plant life, which in turn will have repercus- 
sions of other species of animal life. In  general, these transi- 
tional ecosystems between land and water are characterized 
by very high productivity and importance for wildlife, and 
they should thus be maintained in that state to the greatest 
possible extent. 

In  many instances, criteria to protect fish and inverte- 
brates or to provide water suitable for consumption by man 
or domestic animals will also provide the minimal requisites 
for some species of wildlife. This would be true for species 
that use water only for direct consumption or that feed on 
aquatic organisms to only a minor extent. For many species 
of wildlife, however, the setting of water quality criteria is 
complicated by their ecological position a t  the apex of com- 
plex food webs, and also by the extreme mobility of some 

Those substances which are concentrated via food chains, 
such as many chlorinated hydrocarbons, present special 
problems for those species that occupy the apex of long food 
chains. I n  those instances, environmental levels which are 
safe for fish, do  not necessarily convey safety to predators or 
even to scavengers that consume fish. 

wi!d!Ifp, esyeciz!!y hi&* 

BROTECYlOW OF FOOD AND SWELTER FOR WILDLIFE 

A number of factors can be identified that can affect 
specific components of the ecosystem and cause reduced 
food and shelter for wildlife. These factors also affect fish 
and other squatic life and therefore are discussed in greater 
detail in appropriate related subtopics. 

PW 

I n  bioassays with aquatic plants, Sincock ( 1968)593 found 
that when the pH of the water in test vessels dropped to 4.5, 
reedhead-grass (Polarnogeton perfoliatus), a valuable water- 
fowl food plant, died within a few days. Similarly, in Back 
Bay, Virginia, between August and November, 1963, the 
aquatic plant production declined from 164 to 13 pounds 
per acre. This atypical decline was immediately preceded 
by a decline in pH to 6.5 compared to previous midsummer 
readings of 7.7 to 9.2. (U.S. Bureau of Sport Fisheries and 
Wildlife).60* 

Recommendation 

Aquatic plants of greatest value as food for water- 
fowl thrive best in waters with a summer pH range 
of 7.0 to 9.2. 

ALKALINITY 

Generally, waters with reasonably high bicarbonate alka- 
linity are more productive of valuable waterfowl food plants 
than are waters with low bicarbonate alkalinity. Few waters 
with less than 25 mg/l bicarbonate alkalinity can be classed 
among the better waterfowl habitats. Many waterfowl habi- 

(Potamogeton pectinatus), widgeongrass (Ruppia maritima and 
R.  occidentalis), banana waterlily (Castafiu Juuu), wild celery, 
(Vallisnnia americana), and others have a bicarbonate alka- 
linity range of 35 to 200 mg/l. 

Definitive submerged aquatic plant communities develop 
in waters with different concentrations of bicarbonate 

+,.+" ...--J..,.d..- -c . . - l . . -L l -  c - - > -  
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alkalinity. I t  is logical to assume that excessive and pro- 
longed fluctuation in alkalinity would not be conducive to 
stabilization of any one plant community type. Sufficient 
experimental evidence is not available to define the effects 
of various degrees and rates of change in alkalinity on 
aquatic plant communities. Fluctuations of 50 mg/l prob- 
ably would contribute to unstable plant communities. 
Fluctuations of this magnitude may be due to canals con- 
necting watersheds, diversion of irrigation water, or flood 
diversion canals (Federal Water Pollution Control Adminis- 
tration 1968, hereafter referred to as FM’PCA 1968). 562 

Recommendation 

Waterfowl habitats should have a bicarbonate 
alkalinity between 30 and 130 mg/l to be pro- 
ductive. Fluctuations should be less than 50 mg/l 
from natural conditions. 

SALINITY 

Salinity can also affect plant communities. All saline 
water communities, from slightly brackish to marine, pro- 
duce valuable waterfowl foods, and the most important 
consideration is the degree of fluctuation of salinity. The 
germination of seeds and the growth of seedlings are critical 
stages in the plant-salinity relationship ; plants become more 
tolerant to salinity with age. 

Salinities from 0.35 to 0.9 per cent NaCl in drinking 
water have been shown to be toxic to many members of the 
order Galliformes (chickens, pheasant, quail) (Krista et al. 
1961 ,5*5 Scrivner 1946,bm Field and Evans 1946561). 

Young ducklings were killed or retarded in growth as a 
result of salt poisoning by solutions equal to those found on 
the Suisun iviaraii, G&Li&i, 2ii;kg :!x ::mmnr mcr?!h~. 
3anniry maxirrid varied from 0.55 tc !.74 n,=r r-- rent ----- > and the 
means varied from 0.07 to 1.26 per cent during July from 
1956 to 1960 (Griffith 1962-63).565 

Recommendation 

Salinity should be kept as close to natural con- 
ditions as possible. Rapid fluctuations should be 
minimized. 

- .. . 

LIGHT PENETRATION 

Criteria for light penetration established in the discus- 
sions of Color (p. 130) and Settleable Solids (p. 129) should 
also be adequate to provide for the production of aquatic 
plants for freshwater wildlife. 

SETTLEABLE SUBSTANCES 

Accumulation of silt deposits are destructive to aquatic 
plants due kpecially to the creation of a soft, semi-liquid 
substratum inadequate for the anchoring of roots. Back 
Bay, Virginia, and Currituck Sound, North Carolina, serve 
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as examples of the destructive nature of silt deposition. 
Approximately 40 square miles of bottom are covered with 
soft, semi-liquid silts up  to 5 inches deep; these areas, con- 
stituting one-fifth of the total area, produce only 1 per cent 
of the total aquatic plant production (FM’PCA 1968).562 

Recommendation 

Setteable substances can destroy the usefulness 
of aquatic bottoms to waterfowl, and for that 
reason, settleable substances should be minimized 
in areas expected to support waterfowl. 

PRODUCTION OF WILDLIFE FOODS OTHER THAN 
PLANTS 

The production of protozoans, crustaceans, aquatic in- 
sects, other invertebrates, and fish is dependent on water 
quality. The water quality requirements for the production 
of fish are dealt with elsewhere in this Section, and a normal 
level of productivity of invertebrates is also required for the 
normal production of fish that feed upon them. 

While it is well known that many species of invertebrates 
are easily affected by low concentrations of pollutants, such 
as insecticides, in water (Gaufin et al. 1965,563 Burdick et al. 
1968,555 Kennedy et al. 1970564), most of the field studies do  
not supply reliable exposure data, and most laboratory 
studies are of too short a duration or are performed under 
static conditions, allowing no reliable extrapolations to 
natural conditions. The general impression to be gained 
from these studies is that insects and crustaceans tend to be 
as sensitive as or more sensitive than fish to various insecti- 
cides, and that many molluscs and oligochetes tend to be 
less sensitive. 

TEMPERATURE 

The increasing discharge of warmed industrial and do- 
mestic effluents into northern streams and lakes has changed 
the duration and extent of normal ice cover in these north- 
ern regions. This has prompted changes in  the normal 
overwintering pattern of some species of waterfowl. Thus, 
Hunt (1957)576 details the increasing use since 1930 of the 
Detroit River as a wintering area for black duck (Anas 
rubripes), canvasback (Aytllya valisnerin), lesser scaup (Aytllya 
afines), and redhead (Athya arnericana). In  this process, 
waterfowl may become crowded into areas near industrial 
complexes with a shrinking supply of winter food. The  
proximity of sources of pollutants, food shortages, and low 
air temperatures often interact to produce unusually high 
waterfowl mortalities. 

Recommendation 

Changes in natural freezing patterns and dates 
should be avoided as far as possible in order to 
minimize abnormal concentrations of wintering 
waterfowl. 

A 
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SPlEClFlC POTENTIALLY HARMFUL SUBSTANCES 

Direct Acting Substances 

Waterbirds and aquatic mammals, such as musk- 
rat and otter, require water that is free from surface oil. 
Catastrophic losses of waterbirds have resulted from the 
contamination of plumages by oils. Diving birds appear to 
be more susccptible to oiling than other species (Hawkes 
1961).571 Heavy contamination of the plumage results in 
loss of buoyancy and drowning. Lower levels of contamina- 
tion cause excessive heat loss resulting in an  energy deficit 
which expresses itself in a n  accelerated starvation (Hartung 
1967a).567 Less than 5 mg of oil per bird can produce sig- 
nificant increases in heat loss. The  ingestion of oils may 
contribute to mortalities, and this is especially true for some 
manufactured oils (Hartung and Hunt 1966).569 When 
small quantities of oil are coated onto eggs by incubating 
mallards (Anus playrhynchos), the likelihood of those eggs to 
hatch is greatly reduced (Hartung 1 965).566 Rittinghaus 
(1956)591 reported an incident in which numerous Cabot’s 
I erns i ihaiasseus sanduicensrs) and other shorebirds became 
contaminated with oil that had been washed on shore. Eggs 
which were subsequently oiled by the plumage of oiled fe- 
male terns did not hatch even after 50 days of incubation. 
The  absence of visible surface oils should protect wildlife 
from direct effect. 

Oils can be sedimented by coating particulates on the 
surface and then sinking to the bottom. Sedimented oils 
have been associated with changes in benthic communities 
(Hunt 1957)576 and have been shown to act as concentrators 
for chlorinated hydrocarbon pesticides (Hartung and 
Klingler 197Oj7O). 

Recommendation 

To protect waterfowl, there should be no visible 
floating oil (see p. 146 of this Section and pp. 263-264 
of Section IV). 

\Vaterfowl often mistake spent lead shot for seed 
or grit and ingest it. See Section IV, pp. 227-228, for a 
discussion of this problem. 

Recommendation 

The recommendation of the Marine Aquatic Life 
and Wildlife Panel, Section IV, (p. 228) to protect 
waterfowl also applies to the freshwater environ- 
ment. 

Botulism Poisoning Botulism is a food poisoning 
caused by the ingestion of the toxin of Clostridium botulinum 
of any six immunologically distinct f y p ~ ,  c!esi~-ztec! .A. 
through F. The  disease, as it occurs in epizootic proportions 
in wild birds, is most commonly of the C type, although 
outbreaks of type E botulism have been observed on the 
Great Lakes (Kaufman and Fay 1964582, Fay 1966560). 

cl. botulinum, a widely distributed anaerobic bacterium, 
is capable of existing for many years in its dormant spore 

Oils 

- 

Lead 

_. 

form, even under chemically and physically adverse en- 
vironmental conditions. Its toxins are produced in the 
course of its metabolic activity as the vegetative form grows 
and reproduces in suitable media. Outbreaks occur when 
aquatic birds consume this preformed toxin. 

The  highest morbidity and mortality rates from botulism 
in aquatic birds have been recorded in shallow, alkaline 
lakes or marshes in the western United States, and  outbreaks 
have most commonly occurred from July through Septem- 
ber and, in some years, October. The  optimum tempera- 
tures for growth of the bacterium or the toxin production, 
or both, have been reported as low as 25 C (Hunter et al. 
1970)577 and as high as 37 C (Quortrup and Sudheimer 
1942588). The  discrepancies are probably the result of differ- 
ences in the experimental conditions under which the meas- 
urements were made and the strains of Cl. botulinum type C 
used. 

The  popular belief that avian botulism epizootics are as- 
sociated with low water levels and consequent stagnation is 

heaviest bird losses in the history of the Bear River Migra- 
tory Bird Refuge (1965, 1967, and 1971), the water supply 
was considerably more abundant than normal (Hunter, 
California Department of Fish and Game, personal communi- 
calion; unpublished Bureau of Sport Fisheries and Wildlife 
r epor tP ) .  The  high water levels caused flooding of mud 
flats not normally under water in the summer months. Simi- 
lar inundations of soil that had been dry for several years 
have been associated previously with outbreaks on the Bear 
River Refuge and in other epizootic areas. A partial ex- 
planation for these associations may be that flooding of dry 
ground is commonly followed by a proliferation of many 
species of aquatic invertebrates (McKnight 1 970587), the 
carcasses of which may be utilized by Cl. botulinum. 

Bell et al. (1955)552 provided experimental support for an 
idea expressed earlier by Kalmbach (1934).581 According to 
their “microenvironment concept,” the bodies of inverte- 
brate animals provide the nutrients and the anaerobic en- 
vironment required by C. botulinum type C for growth and 
toxin production. These bodies would presumably also offer 
some protection to the bacterium and its toxin from a chemi- 
cally unfavorable ambient medium. Jensen and Allen 
(1 9 6 0 y 8  presented evidence of a possible relationship be- 
tween die-offs of certain invertebrate species and subsequent 
botulism outbreaks. 

The  relationship between alkalinity or salinity of the 
marsh and the occurrence of botulism outbreaks is not clear. 
Invertebrate carcasses suspended in distilled water support 
high !r;c!s of :sxiii (Eel: ti d. 19Xj.Zr? Laboratory media 
are commonly composed of ingredients such as peptones, 
yeast extract, and glucose, without added salts. The  medium 
used routinely at  the Bear River Research Station for the 
culture of Cl. botulinum type C has a p H  of 6.8 to 7.0 after 
heat sterilization. McKee et al. (1958)586 showed that when 
pH was automatically maintained at a particular level in 

nnt nccessari!v I --rr----- c i *nnor t .=J  by fz:%. : h ~ c  of :hc ?-ears of 



IVildlife/ 1 97 

laboratory cultures of Cf. botulinum type C throughout the 
growth period, the largest amount of toxin was produced at  
p H  5.7, the lowest level tested. Decomposing carcasses of 
birds dead of botulism commonly contain very high concen- 
trations of type C toxin, and in these cases production is 
ordinarily independent of the chemical composition of the 
marsh. 

temperature above 70 F, fluctuating water levels, 
and elevated concentrations of dissolved solids. 
Management of these factors may reduce outbreaks 
of botulism poisoning. 

Substances Acting After Magnification in Food Chains 

Kalmbach (1934)5s1 tabulated the salt concentrations of 
water samples collected from 10 known botulism epizootic 
areas. The  values ranged from 261 to 102,658 ppm (omit- 
ting the highest, which was taken from a lake where the bird 
losses were possibly from a cause other than botulism). 

Christiansen and LOW (1970)556 recorded conductance 
measurements on water in the management units of the 
Bear River Migratory Bird Refuge and the Farmington Bay 
Waterfowl h4anagement Area, both sites of botulism out- 
breaks varying in severity from year to year. The average 
conductance of water flowing into the five units of the Bear 
River Refuge in five summers (1959-1 963) ranged from 3.7 
to 4.9 millimhos per centimeter at  25 C. The readings on 
outflowing water from the five units ranged from 4.4 to 8.3 
mmhos. Comparable figures for the three Farmington Bay 
units were 1.8 to 3.2 (inflow) and 3.2 to 4.8 mmhos (out- 
flow). Thus the salinity range of the inflowing water at Bear 
River was comparable to that of the outflowing water a t  
Farmington. 

These data suggest that salt concentration of the water in 
an  epizootic area is not one of the critical factors influencing 
the occurrence of outbreaks. If high salinity does favor their 
occurrence, it is probably not because of its effect on Cl. 
botulinum itself, Other possible explanations for the higher 
incidence of botulism in shallow, alkaline marshes are: - Sz!k: :-:trtrs may Slipport higher invertebrate popu- 

!atis!? !PW!S than do relatively fresh waters. (Com- 
parisons, as they relate to avian botulism, have not 
been made.) 
High salinity may inhibit some of the microorganisms 
that compete with CI. bolulinum for nutrients or those 
that cause deterioration of the toxin. 

0 Salinity may have no significant effect on the in- 
vertebrates or the bacteria, but i t  increases the sus- 
ceptibility of the birds. Cooch (1964)357 has shown 
that type C botulinum toxin decreases the activity of 
the salt gland in ducks, reducing its capacity to 
eliminate salt. Birds so affected succumb to smaller 
doses of toxin than do those provided with fresh 
water. 
Outbreaks of botulism poisoning tend to be associ- 
ated with or affected by insect die-offs, water tem- 
peratures above 70 F, fluctuations in water levels and 
elevated concentrations of dissolved solids. 

Recommendation 

Outbreaks of botulism poisoning tend to be as- 
sociated with, or affected by insect die-offs, water 

Chlorinated Hydrocarbon Pesticides 

DDT and Derivatives DDT and its abundant de- 
rivatives DDE and TDE.have high lipid solubility and low 
water solubility, and thus tend to concentrate in the lipid, 
i.e., living fraction of the aquatic environment (Hartung 
1967b).56S DDE is the most stable of the D D T  compounds 
and has been especially implicated in producing thinning of 
egg shells, increased breakage of eggs, reproductive failure 
in species occupying the apex of aquatic food chains in areas 
\vitli long histories of D D T  usage. 

Reproductive failures and local estirpation associated 
with egg shell thinning have becn reported for several North 
American bird species. The phenomenon was first described 
and is most \vide-spread for thc peregrine falcon (Fulco 
p r q r i n i u )  (Hickey and Anderson 1 968).574 Since then simi- 
lar phenomena have been described in Brown Pelicans 
(Pdtc-onirs occ-idc.rilo/is) (Anderson and Hicke). 1 970)551 and 
species of several other families of predatory birds. Further 
increases of DDE in large receiving basins, such as the Great 
Lakes, would be expected to increase the extent of repro- 
ductive failure among predatory aquatic bird populations. 
Concentrations as low as 2.8 ppm P,/J’DDE on a wet- 
tveiglit basis produced experimental thinning of egg shells in 
the American Kestrel (Folco slmvnriirs) (\ \kmeyer and 
Porter 1970).599 Heath et al. (1969)57? induced significant 
kV-c!s zf zggs!:~!! thinning in mallards after feeding them 
s:m:!ar!y !CY Iev~ls of DDE. Concentrations of D D T  com- 
pounds in the water of Lake Michigan have been estimated 
to be 1 to 3 parts per trillion (Reinert 1970)589 (Table 
111-21). Concentrations that would permit the assured sur- 
vival of sensitive predatory bird species are evidently much 
lower than that. Because such low concentrations cannot be 
reliably measured by present technologies and because the 
concentrating factor for the food chains appears to be vari- 
able or is not known, or both, a biological monitoring sys- 
tem should be chosen. If it is desired to protect a number of 
fish-eating and raptorial birds, it is essential to reduce the 
levels of DDE contamination, especially in large receiving 
basins (see Section IV). 

The available data indicate that there should not be con- 
centrations greater than 1 mg/kg of total D D T  in any 
aquatic plants or animals in order to protect most species of 
aquatic wildlife. Present unpublished data indicate effects 
for even lower levels of DDE to some species of predatory 
birds (Stickel unpublished ‘dala).601 

Present environmental levels vastly exceed the recom- 
mended levels in many locations, and continued direct or 

. .  
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Mil lard. .  . . . . . . . . . . . . . 

Ririo falcon ( F a l a  
moliclnus) 

Japanore quail 
(Coturnin) 

Hminf gull (brus 
arfenlalus) 

American kortid 
(Fako spamrius) 

Mallard 

A11 tsrlr s ~ c e p l  lhe flrst ono arn chronic, spannin; 11 least wroral monlhr 
** Conrertod lrom dq.banr 
t No1 determined. 

indirect inputs of DDT would make these recommendations 
unattainable. 

Recommendation 

In order to protect most species of aquatic wild- 
life, the total DDT concentration on a wet-weight 
basis should be less than 1 mg/kg in any aquatic 
plants or animals. (Also see Recommendations for 
Pesticides, p. 185-186.) 

Polychlorinated Biphenyls (PCB) Polychlorinated 
biphenyls are chlorinated hydrocarbons which are highly 
resistant to chemical or biological degradation. They have 
been widespread environmental contaminants (Jensen et al. 
1969,5s0 Risebrough et al. 1968590). Their biological effects 
a t  present environmental concentrations are not known. 
PCB's can elevate microsomal enzyme activity (Risebrough 
et al. 1968,590 Street et al. 1968594), but the environmental 
significance of that finding is not clear. The toxicity of 
PCB is influenced by the presence of small amounts of con- 
taminated chlorinated dibenzofurans (Vos and Koeman 

1970,596 Vos et al. 1970597) which are highly toxic to de- 
veloping embryos. 

Recommendation 

Because of the persistence of PCB and their 
susceptibility to biological magnification, i t  is 
recommended that the body burdens of PCB in 
birds and niammals not be permitted to increase 
and that monitoring programs be instituted (see 
Section IV). 

Mercury 

\Vest00 (19G6)598 reported that almost all of the mercury 
found in fish is methyl mercury. Jensen and Jernelov 
( 1  9G9)579 showed that natural sediments can methylate 
ionic mercury. Mercury levels in fish in Lake St. Clair 
ranged between 0.4 and 3 ppm, averaging near 1.5 ppm 
(Greig and Seagram 1970).564 Residues in fish-eating birds 
from Lake St. Clair ranged up  to 7.5 ppm in a tern, and up 
to 23 ppm in a great blue heron (Dustrnan et ai. 1970).558 
I nese residues are comparable to those found in Swedish 
birds that died after experimental dosing with methyl- 
mercury, and in birds that died with signs of mercury poi- 
soning under field conditions in Scandinavian countres 
(Henriksson et al. 1966,57J Borg et ai. 1969,554 Holt 19G9575). 
T o  date, no bird mortalities due to mercury contamination 
have been demonstrated in the Lake St. Clair area, but 
body burdens of fish-eating birds are obviously close to 
demonstrated toxic levels. I t  is therefore concluded that the 
mercury levels in fish flesh should be kept below 0.5 ppm to 
assure the long-term survival of fish-eating birds. Since this 
level incorporates little or no safety margin for fish-eating 
wildlife, it is suggested that the safety of a 0.5 ppm level be 
reevaluated as soon as possible. 

Recommendation 

Fish-eating birds should be protected if mercury 
levels in fish do not exceed 0.5 pg/g .  

Since the recommendation of 0.5 &/g mercury 
in fish provides little or no safety margin for fish- 
eating wildlife, it  is recommended that the safety 
of the 0.5 p g / g  level be reevaluated as soon as 
possible. 

-. 



L 

E 

LITERATURE CITED 

BIOLOGICAL MONITORING 
1 Cairns, J., Jr. (1967), Suspended solids standards for the protection 

of aquatic organisms. Proc. Ind. Wmfc Conf. Purdue Uniu. 129(1): 

'Cairns, J., Jr., D. W. Albaugh, F. Busey, and M. D. Chanay 
(1968), The sequential comparison index: a simplified method 
for non-biologists to estimate relative differences in biological 
diversity in stream pollution studies. J .  Wafer Pollut. Confr. Fed. 

J Cairns, J., Jr. and K. L. Dickson (1971), A simple method for the 
biological assessment of the effects of waste discharges on aquatic 
bottom-dwelling organisms. 3. Wafer Polluf. Confr. Fed. 43(5): 

4 Galtsoff, P. S., W. A. Chipman, Jr., J. B. Engle, and H. N. Calder- 
wood (1947), Ecological and physiological studies of the effect of 
sulfite pulpmill wastes on oysters in the York River, Virginia. 
Fish and Wildli/c Service Fisheries Bulletin 43(5 1):59-186. 

Haydu, E. P. (1968), Biological concepts in pollution control. In- 
dusf. Wafer Eng. 5(7):18-21. 

6 Patrick, R., H. H. Holm, and J. H. Wallace (1954), A new method 
for determining the pattern of the diatom flora. Nofulac Nafur.  
(Philadelphia) no. 259:l-12. 

7SpzrL.s, F. E.: A .  G .  Heath, and J. Cairns, Jr. (1969). Changes in 
bluegill EKG and respiratory signal caused by exposure to con- 
centrations of zinc. Ass. Soufhrast. Bid .  Bull. 16(2):6Y. 

8 Waller, W. T. and J. Cairns, Jr. (1969), Changes in movement pat- 
terns of fish exposed to sublethal concentrations of zinc. Ass. 
Soulhensf. B i d .  Bull. 16(2):70. 

9 Warren, C. E. and G. E. Davis (1971), Laboratory stream research: 
objectives, possibilities, and constraints. Annu. Rcu. Ecol. $sfemu- 
tics 2:lIl-144. 

16-27. 

40(9): 1607-1613. 

755-772. 

BIOASSAYS 
IOAlderdice, D. F. (1967), The detection and measurement of water 

pollution: biological assays. Can. Fish. Rep. no. 9:33-39. 
11 American Public Health Association, American Water Works As- 

sociation, and Water Pollution Control Federation (1971), 
Standard mefhods for examinofion of w a f n  and wnsfewafcr, 13th cd. 
(American Public Health Association, Washington, D. C.), 874p. 

UAnderson, B. G. (1950), The apparent thresholds of toxicity to 
Daphnia magna for chlorides of various metals when added to 
Lake Erie water. Trans. Amer. Fish SOC. 78:96-113. 

 ball, I. R. (1967a), The relative susceptibilities of some species of 
fresh-water fish to poisons. I. Ammonia. Wafn Res. l(l1-12): 

14 Ball, I. R. (1967b), The relative susceptibilities of some species of 
fresh-water fish to poisons. 11. Zinc. Wafer Res. l(11-12):777- 
783. 

767-775. 

Brett, J. R. (1952), Temperature tolerance in young Pacific salmon, 
genus Oncorhynchus. 3. Fish Res. Bd. Canada 9:265-323. 

"Brown, V. M. (1968), The calculation of the acute toxicity of mix- 
tures of poisons to rainbow trout. W a f n  Res. 2(10):723-733. 

"Brown, V. M., D. H. M. Jordan, and B. A. Tiller (1969), Acute 
toxicity to rainbow trout of fluctuating concentrations and mix- 
tures of ammonia, phenol and zinc. 3. Fish B i d .  l(1):l-9. 

'SBrungs, W. A. (1969), Chronic toxicity of zinc to the fathead min- 
now, Pirnephaler promclas Rafinesque. Trans. A m n .  Fish. SOC. 98(2): 
2 72-2 79. 

'OBrungs, W. A. and D. I. Mount (1967), A device for continuous 
treatment of fish in holding chambers. 'Tram. Amcr. Fish. SOC. 

Cairns, J. Jr. (196%70), Fish bioassay-reproducibility and rating. 

*I Cope, 0. B. (1961), Standards for reporting fish toxicity tests. 
Progr. Fish-Cull. 23(4): 187-189. 

XDoudoroff, P., B. G. Anderson, G. E. Burdick, P. S. Galtsoff, W. B. 
Hart, R. Patrick, E. R. Strong; E. W. Surber, and W. M. Van 
Horn (1951), Bioassay methods for the evaluation of acute toxi- 
city of industrial wastes to fish. Scwage Indusf. Wasfcs 23:1380- 
1397. 

"Doudoroff, P., G. Leduc, and C. R. Schneider (1966), Acute toxi- 
ci!;. !c fish nf sc!!u?ionr cnntnining complex metal cyanides. in 
relation to concentrations of molecular hydrocyanic acid. Trans. 
Amer. Fish. SOC. 95(1):6-22. 

24 Eaton, J. G. (1970), Chronic malathion toxicity to the bluegill 
(Lcpomir mucrochirus Rafinesque). Wafer Rer. 4( 10) :673-684. 

*) Finney, D. J. (1952), Probif analysis: a sfafisfical freafmcnf of fhe sigmoid 
response curue, 2nd ed. (Cambridge University Press, London), 
318p. 

Fry, F. E. J. (1947), Effects of the environment on animal activity. 
University of Toronto Studies, Biological Service No. 55, Pub. 
Ontario Fisheries Research Laboratory, No. 68, 62 pp. 

"Henderson, C. (1957), Application factors to be applied to bio- 
assays for the safe disposal of toxic wastes, in Biological problems 
in wafer pollution, C. M. Tarzwell, ed. (U.S. Department of 
Health, Education and Welfare, Robert A. Taft Sanitary En- 
gineering Center, Cincinnati, Ohio), pp. 31-37. 

Herbert, D. W. M. (1965), Pollution and fisheries, in Ecologv and 
fhr industrial sociev, G. T. Goodman, R. W. Edwards, and J. M. 
Lambert, eds. (Blackwell Scientific Publications, Oxford), pp. 

Herbert, D. W. M. and J. M. Vandyke (1964), The toxicity to fish 
of mixtures of poisons. 11. Copper-ammonia and zinc-phenol 
mixtures. Ann. Appl. B i d .  53(3):415-421. 

Jordan, D. H. M. and R. t oyd  (1964), The resistance of rainbow 
trout (Salrno gairdnnii Richardson) and roach (Rufilus rufilus L.) 
to alkaline solutions. Air Wafcr Polluf. 8(6/7):405-409. 

96(1):55-57. 

RCU. B i d .  7(1-2):7-12. 

' 

. 

173-195. 

199 



-9 

200/Section III-Freshwatn Aquatic Life and Wildlife 

81 Lennon, R. E. (1967), Selected strains of fish as bioassay animals. 
Progr. Fish-Cull. 29(3): 129-132. 

n Litchfield, J. T. arid F. Wilcoxon (1949), A simplified method of 
evaluating dose-effect experiments. 3. Phormucol. Exp. T h n .  96: 
99-113. 

88 Lloyd, R. (1961a), Effect of dissolved oxygen concentrations on 
the toxicity of several poisons to rainbow trout (Solmo goirdnrrii 
Richardson). J. Exp. Biol. 38(2):447455. 

a 4  Lloyd, R. (1961b), The toxicity of ammonia to rainbow trout 
(Solmo gairdnni Richardson). Wuter Wosfe Treat. 8:278-279. 

86 Lloyd, R. and L. D. Om (1969), The diuretic response by rainbow 
trout to sub-lcthal concentrations of ammonia. Wofer Rrs. 3(5): 
335-344. 

**McKim, J. M. and D. A. Benoit (1971), Effects of long-term ex- 
posures to copper on survival growth, and reproduction of brook 
trout (Solcelinus fonfinolis). 3. Fish. Res. Boord Con. 28(5) 655-662. 

8’ Mount, D. I. (1968), Chronic toxicity ofcopper to fathead minnows 
(Pimepholcs promelor, Rafinesque). Worn Res. 2(3):215-223. 

88 Mount, D. I. and C. E. Stephan (1967), A method of establishing 
acceptable toxicant limits for fish: malathion and the butoxy- 
ethanol ester of 2.4-D. Trons. Amcr. Fish. SOC. 96(2):185-193. 

10 Mount, D. I. and R. E. Warner (1965), Srriol-dilufion upparofus f o r  
continuous delicrry o/ uorious concentrotions .f motrriols in wotrr [ PHS 
Pub. 999-WP-23 1 (Government Printing Office, Washington, 
D. C.), 16 p. 

M Patrick, R .  (1968), Standard method of test for evaluating inhibi- 
tory toxicity of industrial waste waters, in .Amcricon Society f o r  
Testing and d o t v i o l s  book of slandords, part 23: Industrial water; 
atmospheric analysis (American Society for Testing and Ma- 
terials, Philadelphia, Pennsylvania), pp. 657-665. 

4’ Patrick, R., J. Cairns, Jr., and A. Scheier (1968), The relative 
sensitivity of diatoms, snails, and fish to 20 common constituents 
of industrial wastes. Progr. Fish-Cdf .  30(3): 137-140. 

“Schaumburg. F. D., T. E. Howard, and C. C. Walden (1967), A 
method to evaluate the effects of water pollutants on fish respira- 
tion. H’ofrr Res. 1(10):731-737. 

48 Sprague, J. B., (1969), Measurement of pollutant toxicity to fish. 
I. Bioassay methods for acute toxicity. Il‘ofrr Rrs. 3(11):793-821. 

4 4  Sprague, J. B. (1970), Measurement of pollutant toxicity to fish. 
Utilizing and applying bioassay results. Water Rrs. 4(1):3-32. 

Sprague, J. B. (1971), Measurement of pollutant toxicity to fish. 
111. Sublethal effects and “safe” concentrations. lVofrr Res. 
5(6) :245-266. 

46Sprague, J. B., P. F. Elson, and R. L. Saunders (1965), Sublethal 
copper-zinc pollution in a salmon river: a field and laboratory 
study. Air Wofrr  Polluf. 9(9):531-543. 

“Stark, G. T. C. (1967), Automatic dosing apparatus made with 
standard laboratory ware. Lob. Pract. 16(5):594-595. 

4e Standard methods (1971) American Public Health Association, 
American Water Works Association, and Water Pollution Control 
Federation (1971), Standard methods for the examination of 
water and waste water, 13th ed. (American Public Health As- 
sociation, Washington, D. C.), 874 p. 

(9 Tarzwell, C. h5. (1962), The need and value of water quality criteria 
with special reference to aquatic life. Con. Fish Cull. 31:35-41. 

m u .  K. Ministry of Technology (1969), Water pollution research: 
report of the director, Water Pollution Research Laboratory, 
Stevenage, Great Britain, pp. 58-60. 

Woelke, C. E. (1967), Measurement of water aualitv criteria with 
the Pacific oyster embryo bioassay. .4mer. SOL. Test. Motn. Spec. 
Tech. Pub. no. 416: 112-120. 

References Cited 

Biainger, K. E. and G. M. Christcnsen, unpubfishrd doto 1971. Metal 
Effects of Survival, Growth, Reproduction and Metabolism of 

Dophniu mogno. National Water Quality Laboratory, Duluth, 
hlinn. 

6 1  Eaton, J. G., unpublished dotu 1971. National Water Quality Labora- 
tory, Duluth, Minn. 

PHYSICAL MANIPULATION OF THE ENVlRONMENT 

64 Brown, C. L. and R. Clark (19681, Observations on dredging and 
dissolved oxygen in a tidal waterway. Il‘oter Resour. Res. 4:1381- 
1384. 

66 Brown, G. W. and J. T .  Krygier (1970), Effects of clear-cutting on 
stream temperatures. Il’oter Rrsour. Res. 6(4): 1133-1 139. 

“Copeland, B. J. and F. Dickens (1969), Systems resulting from 
dredging spoil, in Cooslol ccologicol qlrfcms .f the United Sfotes, H. T. 
Odum, B. J. Copeland, and E. A. McMahan, eds. (Federal 
Water Pollution Control Administration, Washington, D. C.), 
pp. 1084-1 100 mimeograph. 

67 Cannon, J. E. and A. M. Beeton (1969), Stirdirs on the rJecfs ./ 
drrdgrd matcriols from srlccfrd G r o t  Lakes hnrbors on plankton ond 
benthos [Special report no. 81 (Center for Great Lakes Studies, 
University of \Visconsin, h,filwaukee), 82 p. 

Gebhards, S. (1970), The vanishing stream. Idaho IVi/dl. Reu. 22(5): 

sc iiigic, K. ;vi. <i952j, Studirs on rhe r j r c l  o j  drrdging operotions uponfish 
and shrllfish (Florida State. Board of Conservation, Tallahassee), 
26 p. 

60 Likens, G. E., F. H. Bormann, N. Xl. Johnson, D. W. Fisher, and 
R. S. Pierce (1970), Effects of forest cutting and herbicide treat- 
ment on nutrient budgets in the Hubbard Brook Watershed 
ecosystem. Ecol. A4onogr. 40( I )  :23-47. 

Mackin, J. G. (1961), Canal dredging and silting in Louisiana bays. 
Publ. Inst. Mor .  Sci. Uniu. T e x .  7:262-319. 

62 h,Iarshall, R. R. (1968), Dredging and filling, in Aforsh es/rrary 
managrmmf symposium procrrdings, J. D. Newsom, ed. (T. J. 
hloran’s Sons, Inc., Baton Rouge, Louisiana) pp. 107-1 13. 

hhrtin,  E. C. (1969), Strram altrrofion and i fs  rJrc/s on fish nnd wild- 
l i j r .  Proc. 23rd Annual conference s. E. Association Game and 
Fish Commissioners, Mobile, Alabama, 19 p. mimeo. 

Peters, J. C. and \V. Alvord (1964), Man-made channel altera- 
tions in thirteen Montana streams and rivers. Trans. JV. Amrr.  
LViIdlifc Jirofur. Resour. conf. 29:93-102. 

Smith, P. W. and R. Larimore (1963), The fishes of Champaign 
County, Illinois, as affected by 60 years of stream change. Illi- 
nois hrotural History Siirucy Bulletin 28(2):299-382. 

66 Taylor, J. L. and C. H. Saloman (1968), Some effects of hydraulic 
dredging and coastal development in Boca Cieg.7 Bay, Florida. 
U S .  Fish 1VildIije Srru. Fish. Bull. 67(2):213-241. 

6’ Trautman, hl. B. (l939), The effects of man-made modifications 
on the fish fauna in Lost and Gordon creeks, Ohio, between 
1887-1938. Ohio J. Sci. 39(5):275-288. 

68 Wark, J. W. and F. J. Keller (1963), Prcliniinory sfudy of scdimenf 
sources and fronsporf in fhe Potomoc Riun Bosin [Technical bulletin 
R63-I I ] (Interstate Commission on the Potomac River Basin, 
LVashington, D. C.). 28 p. 

69 Welker, B. D. (1967), Comparisons of channel catfish populations 
in channeled and unchanneled sections of the Little Sioux River, 
Iowa. Proc. Iowa Acad. Sci. 74:99-104. 

. 

3-8. 

SUSPENDED AND SETYLEABLE SOLIDS 

70 Benoit, R. J., J. Cairns, Jr., and C. W. Reimer (1967), A limnologi- 
cal reconnaissance of an impoundment receiving heavy metals, 
with emphasis on diatoms and fish, in Reservoir Jshrry resources, 
symposium (American Fisheries Society, Washington, D. C.), pp. 
69-99. 

‘CI 

n 

0 

0 

21 
n 
a 

D 

c1 



'I' 

E 

71 Buck, D. H. (1956), Effects of turbidity on fish and fishing. 7rorz.r. 
hr, Amrr. Mlildl. Conf. 21 949-261. 

n Cairns, J., Jr. (1968), We're in hot water. Scienfisf and Citizen lO(8): 
187- 198. 

7) European Inland Fisheries Advisory Commission. Working Party 
on Water Quality Criteria for European Freshwater Fish (1965), 
Report on finely divided solids and inland fisheries. Air Water 
Pollut. 9(3): 151-168. 

?'Gammon, J. R.  (1970), The eJecf of inorganic scdimrn! on s/rram bio/a 
[Environmental Protection Agency water pollution control re- 
search series no. 18050DWCl (Government Printing Office, 
Washington, D. C.), 141 p. 

"Gannon, J. E. and A. M. Beeton (1969), Studits on fhr rJrc/s of 
drcdgrd motniols from srlrctrd Grrof Lokrs harbors on plankton and 
bmlhos. Center for Great Lakes Studies, University of Wisconsin. 
Mil. Spec. Rept. No. 4:82 pp. 

'SKrone, R. B. (1963), A study of rhcologic proprrties of cs/uoriol sedi- 
mrn!s (Hydraulic Engineering Laboratory and Sanitary En- 
gineering Research Laboratory, University of California, Berke- 

nLanglois, T. H. (1941), Two processes operating for the reduction 
in abundance or elimination of fish'species from certain types of 
water areas. Trons. A'. Amrr. M'ildl. Conf. 6:189:201. 

78Leopold, L. B., M. G. Wolman, and J. P. Miller (1964), Flut&l 
proccssrs in grornorpholog.)' (W. H. Freeman, San Francisco), 522 p. 

7BSmith, L. L., Jr., R .  H. Kramer, and J. C. MacLeod (1965), Ef- 
fects of pulpwood fibers on fathead minnows and walleye finger- 
lings. 3. M'a!rr Pollut. Contr. Fed. 37(1):130-140. 

S'JM'allen, I. E. (1951), The direct effect of turbidity on fishes. Bull. 
Oklo. Agr. Mech. Coll. 48(2):1-27. 

ley). 

COLOR 

Eye, J. D. and J. G. Aldous (1968), Anaerobic-aerobic treatment 
of spent vegetable tan liquors from a sole leather tannery. Proc. 
Ind. lVas!r Conf. Purdtrr Univ. 132(1):126-139. 

82 Hem, J. D. (1960), Complexes offcrrous iron with tannic acid [Geological 
Survey water supply paper 1459-Dl (Government Printing Of- 
fice, Washington, D. C.), 94 p. 

83 Kine. P. H.  and C. W. Randall (1970), Chemical-biological treat- 
ment of textile finishing wastes. Proc. Soufhrrn Il'otrr Res. ond Pollu- 
lion Control Conf. 19:74-83. 

8' Nordell, E. (1961), Wafer freotmrnf for induslriol ond other uses, 2nd ed. 
(Reinhold Publishing Corp., New York), 598 p. 

sb Standard methods (1971) American Public Health Association, 
American Water Works Association, and Water Pollution Con- 
trol Federation (1971), Standard methods for the examination of 
water and waste water, 13th ed. (American Public Health As- 
sociation, Washington, D. C.); 874 p. 

86Stumrn, W. and J. J. Morgan (1962), Chemical aspects of coagu- 
lation. 3. A m n .  Wofrr Works Ass. 54:971-994. 

87 Welch, P. S. (1952), Limnology (h4cGraw-Hill, Inc., New York), 
538 pp. 

DISSOLVED OXYGEN 

Brown, V. M. (l968), The calculation of the acute toxicity of mix- 
tures of poisons to rainbow trout. IVafrr Rrsrarch 2:723-733. 

BgDoudoroff, P. and D. L. Shumway (1967), Dissolved oxygen cri- 
teria for the protection of fish. Amcr. Fish. Soc. Sprc. Publ. no. 4: 13- 
19. 

Doudoroff, P. and D. L. Shumway (1970), Dissolucd oxygcn require- 
ments of frcshwoler fishes [Food and Agricultural Organization 
fisheries technical paper 861 (FAO, Rome), 291 p. 

Doudoroff, P. and C. E. Warren (1965), Dissolved oxygen require- 

Literature Cited/201 

ments of fishes, in Biological problems in watrr pollufion, C .  M. 
Tanwell, ed. [PHS Pub. 999-WP-251 

Dudley, R. G. (1969), Survival of largemouth bass embryos at low 
dissolved oxygen concentrations. M.S. Thesis, Cornell Uni- 
versity, Ithaca, New York, 61 p. 

0) Ellis, hi .  M. (1937), Detection and measurement of stream pollu- 
tion. US. Bur Fish. Bull. no. 22:365-437. 

0' Fry, F. E. J. (1960), The oxygen requirements of fish, in Biological 
problrms in wofrr pollu!ion, C. M. Tanwell, ed. (US. Department 
of Health, Education and Welfare, Robert A. Taft Sanitary En- 
gineering Center, Cincinnati, Ohio), pp. 106-109. 

O6Herrmann, R. B., C. E. Warren and P. Doudoroff (1962), Influence 
of oxygen concentration on the growth of juvenile coho salmon. 
Trans. Amrr .  Fish. Sor. 91 (2): 155-167. 

06 Lloyd, R .  (1961), Effect of dissolved oxygen concentrations on the 
toxicity of several poisons to rainbow trout (Solmo gairdnrrii 
Richardson). 3. Exp. Bid.  38(2):447455. 

OTNebeker, A. V. (1972). Effect of low oxygen concentration on sur- 
vival and emergence of aquatic insects. Submitted to Trans. 
Amrr. Fish. Sor. 

Shumway, D. L., C. E. Warren and P. Doudoroff (1964), Influence 
of oxygen concentration and water movenlent on the growth of 
steelhead trout and coho salmon embryos. Trans. Amrr. Fish. SOC. 

99 Stewart, N. E., D. L. Shumway and P. Doudoroff (1967), Influence 
of oxygen concentration on the growth of juvenile largemouth 
bass. 3. 0.f Fish. Rrs. Bd. qf Conoda 24(3):475-494. 

Yurovitskii, Yu. J. (1964), Morphological peculiarities of em- 
bryos of the sturgeon (Aciprnsrr guldrnstodti Brandt) under varying 
oxygen conditions. Voprov Ikhfiologii (Akad. Nauk SSR), 4(2): 
315-329, (In Russian). 

93 (4) : 342-356. 

Reference Cited 

Brungs, W. A,, personol communicofion (1972). National Water 
Quality Laboratory, Duluth, Minn. 

TOTAL DISSOLVED GASES 

'MR~hnlir: .A. R.:  Jr. (19421, Physiolopic studies pertaining to deep 
sea diving and aviation, especially in relation to fat content and 
composition of the body. H a r v v  Lccf. 37:  198-226. 

Beiningen, K. T., and \V. J. Ebel (l968), Effect of John Day Dam 
on dissolved nitrogen concentrations and salmon in the Columbia 
River, 1968. Tram. Amrr. Fish. SOC. 99(4):664471. 

10' Berg, W. E., M. Harris, D. M.  Whitaker, and V. C. Twitty (1945), 
Additional mechanisms for the origin of bubbles in animals de- 
compressed to simulated altitudes. 3. Gen. Physiol. 28:253-258. 

IOSBouck, G. R., G. A. Chapman, P. W. Schneider, Jr. and D. G. 
Stevens (1971), Gas bubble disease in adult Columbia River 
sockeye salmon (Oncorlynchus nnka).  Trans. Amrr. Fish. Soc., 
submitted to the editor. 

lodBoycott, A. E. and G. C. C. Damant (1908), Experiments on the 
influence of fatness on susceptibility to caisson disease. 3. Hyg. 
8:445456. 

IO7 Brand, E. D., S. W. Britton, and C. R. French (1951), Cited by: 
Prosser, C. L., and F. A. Brown, Jr. Comparofiuc animal physiology. 
(Saunders Company, Philadelphia, Pennsylvania). 

108 Carey, F. G. and J. M. Teal (1 969), Regulation of body tempera- 
ture by the bluefin tuna. Comp. Biochem. Physiol. 28(1):205-213. 

'"Coutant, C. C. and R. G. Genoway (1968), Final rcporf on an ex- 
ploratory study of in/crac/ion of inneoscd tempnature and nifrogcn supn- 
sa/urofion on m o r f a f i ~  of adult sulmonids (National Marine Fisheries 
Service, Seattle). 

DeMont, J.  D. and R. W. Miller, in press, First reported incidence 



2QPISection III-Freshwater Aquatic Life and Wildlife 

of gas bubble disease in the heated effluent of a stream electric 
generating station. Proc. Z f h  Annual merlins, Soufhcust Associafion 
of Came and Fish Commissioners. 

'iiDoudoroff, P. (1957), Water quality requirements of fishes and 
effects of toxic substances, in The physiolosy of fishes, M. E. Brown, 
ed. (Academic Press, Inc., New York), pp. 403430. 

1u Ebel, W. J. (1969), Supersaturation of nitrogen in the Columbia 
River and its effect on salmon and steelhead trout. US. Fish 
Wildlife Snu. Fish. Bull. 68(1):1-I I .  

IiJEbel, W. J., E. M. Dawley, and B. H. Monk (1971), Thermal 
tolerance of juvenile Pacific salmon and steelhead trout in rela- 
tion to supersaturation of nitrogen gas. US. Fish. Wi ld l .  Sou. 
Fish. Bull. 69:833-843. 

"'Egusa, S. (1955), The gas disease of fish due to excess of nitrogen. 
J. F a .  Fish. Anim. H u b . ,  Hiroshima Univ. 1:157-183. 

"6Englehorn, 0. R. (1943), Die gasblasenkrankheit bie &hen. <. 
Fischcrei u.  Hiljswiss 41 :297. 

"'Evans, A. and D. N. Walder (1969), Significance of gas micro- 
nuclei in the etiology of decompression sickness. Nafure 2223251- 
252. 

li7Gersh, I., G. E. Hawkinson, and E. N. Rathbun (1944), Tissue 
and vascular bubbles after decompression from high pressure 
atmospheres-correlation of specific gravity with morphological 
changes. J. Cell. Comb. Phvsiol. 24:35-70. 

"'Glueckauf, E. (1951), The composition of atmospheric air, in 
Compendium of mcfeorology, T. F. Malone, ed. (American Meteoro- 
logical Society, Boston), pp. 3-1 I .  

Gorham, F. P. (1898), Some physiological effects of reduced pres- 
sure on fish. J .  Bosfon SOC. M r d .  Sci. 3:250. 

ua Gorham, F. P. (1899), The gas-bubble disease of fish and its cause. 
US. Fish. Comm. Bull. 19:33-37. 

Harvey, E. N., D. K. Barnes, W. D. McElroy, A. H. Whiteley, 
D. C. Pease, and K. W. Cooper (1944a), Bubble formation in 
animals. I. Physical factors. J. Ccll. Comp. Physiol. 24( 1): 1-22. 

"Harvey, E. N., A. H. Whiteley, W. D. McElroy, D. C. Pease, and 
D. K. Barnes (1944b), Bubble formation in animals. 11. Gas 
nuclei and their distribution in blood and tissues. J .  Cell. Comp. 

lX* Harvey, H. H. and A. C. Cooper (1962), Origin and freatmenf of a 
supnsafurutcd r iun  w a f n  [Progress report no. 9 ] (International 
Pacific Salmon Fisheries Commission, New Westminster, British 
Columbia), 19 p. 

Lx4Hemmingsen, E. A. (1970), Supersaturation of gases in water: 
absence of cavitation on decompression from high pressures. 

Ix6 Hills, B. A. (1967), Decompression sickness: a study of cavitation 
at  the liquid-liquid interface. Anosp. Med.  38:814-817. 

Lindroth, A. (1957), Abiogenic gas supersaturation of river water. 
Arch. Hydrobiol. 53(4): 589-597. 

Malous, R., R. Keck, D. Maurer and C. Episano (1972), Occurrence 
of gas bubble disease in three species of bivalve mollusks. J. 
Fish. Res. Bd.  Canada 29:588-589. 

uI) Marsh, M. C. and F. P. Gorham (1904), The gas disease in fishes. 

Pauley, G. B. and R. E. Nakatani (1967), Histopathology of gas- 
bubble disease in salmon fingerlings. J. Fish. Res. Bd. Canada 

Im Pease, D. C. and L. R. Blinks (1947), Cavitation from solid sur- 
faCrq in 2,seE,,E ofn,. .... -I-: 7 ".._-- I .I D L . . - : - I - - . .  --J ,- 1 1 .  1 - 1 I. ""."S/ "la" L , e L L ( I I " ,  

Chemistry, pp. 55 1-556. 
lal Randall, D. J. (19704, Gas exchange in fish, in Fish physiology, 

vol. 4, W. S. Hoar and D. J. Randall, eds. (Academic Press, New 
York), pp. 253-292. 

In Randall, D. J. (1970b), The circulatory system, in Fish physiology, 
~01 .4 ,  W. S .  Hoar and D. J. Randall, eds. (Academic Press, New 
York), pp. 133-172. 

PhySiOl. 24( 1):23-34. 

SC~CWC 167: 1493-1494. 

R+. BUT. Fish. pp. 343-376. 

24(4):867-871. 

o- -.-....,.. J"..l..". ", I 

la* Renfro, W. C. (1963), Gas-bubble mortality of fishes in Galveston 
Bay, Texas. Trans. A m n .  Fish. SOC. 92(3):32&322. 

I** Scholander, P. F., L. Van Dam, C. L. Claff, and J. W. Kanwisher 
(1955), Microgasometric determination of dissolved oxygen and 
nitrogen. Biol. Bull. 109:328-334. 

In Shelford, V. E. and W. C. Allee (1913), The reactions of fishes to 
gradients of dissolved atmospheric gases. J .  Ex). <ool. 14:207- 
266. 

I* (  Shirahata, S. (1966), [Experiments on nitrogen gas disease with 
rainbow trout fry.] Bull. Freshwafn Fish. Res. Lab. (Tokyo) 15(2): 

In Swinnerton, J. W., V. J. Linnenbom, and C. H. Cheek (1962), De- 
termination of dissolved gases in aqueous solutions by gas chroma- 
tography. Anal. Chem. 34:483485. 

1J'Van Liere, E. J. and J. C. Stickney (1963), Hypoxia (University 
of Chicago Press, Chicago), 381 p. 

Van Slyke, D. D., R. T .  Dillon, and R. Margaria (1934). Studies 
of gas and electrolyte equilibria in blood. XVIII. Solubility and 
physical state of atmospheric nitrogen in blood cells and plasma. 
3. Biol. Chrm. 105(3):571-596. 

Westgard, R. 'L. (1964), Physical and biological aspects of gas- 
bubble disease in impounded adult chinook salmon at McNary 
spawning channel. Trans. A m n .  Fish. SOC. 93(3):306-309. 

141 Whitnkrr, n. M., I;. E.. R!inGg, V. E. Bcr- a, 5'. V. -r-..:-*-- I .....I ' l l l"  - - A  '' ,.A. 

Harris (1945), Muscular activity and bubble information in 
animals decompressed to simulated altitudes. Journal of General 

IU Wiebe, A. H. and A. M. McGavock (1932), The ability ofseveral 
species of fish to survive on prolonged exposure to abnormally 
high concentrations of dissolved oxygen. Trans. Amcr. Fish. SOC. 

Wood, J. W. (1968), Diseases of Pacific salmon: fhcir prevention and 
frcofmenf (Washington Department of Fisheries, Hatchery Divi- 
sion, Olympia), mimeograph, various paging. 

197-211. 

Physiology 28:2 13-223. 

62: 267-274. 

Reference Cited 
I" Schneider, M., pnsonal communicafion. Batelle Northwest Labora- 

tory, Richland, Washington. 

caasoN DIOXIDE 

i*6Basu, S. P. (1959), Active respiration of fish in relation to ambient 
concentrations of oxygen and carbon dioxide. J .  Fish. Res. Bd.  
Canada 16(2): 175-2 12. 

1 4 1  Brinley, F. J. (1943), Sewage, algae and fish. Sewage Works J. 15: 

147 Doudoroff, P. (1957), Water Quality Requirements of fishes and 
effects of toxic substances. Thr Physiology of Fishes (IM. E. Brown, 
Ed.) Academic Press, New York, Vol. I ,  pp. 403430. 

l'sDoudoroff, P. and M. Katz (1950), Critical review of literature 
on toxicity of industrial wasta and their components to fish. I. 
Alkalies, acids and inorganic gases. Scwuge and Indusfrial Wasfes 

149 Doudoroff, P. and D. L. Shurnway (1970), Dissolued oxygen require- 
me& of f rcshwafn fishes [Food and Agricultural Organization 
fisheries technical paper 861 (FAO, Rome), 291 p. 

1w Ellis, M. M. (1937), Detection and measurement of stream pollu- 
tion. US. Bur. Fish. Bull. no. 22: 365-437. 

.-. pry, F. E. 3. ji957j, The aquatic respiration of h h ,  in The physi- 
ology offishrs, M. E. Brown, ed. (Academic Press, New York), 

I)* Hart, J. S. (1944), The circulation and respiratory tolerance of 
some Florida freshwater fishes. Proc. Fla. Acad. Sci. 7(4):22 1-246. 

Haskell, D. C. and R. 0. Davies (1958), Carbon dioxide as a 
limiting factor in trout transportation. N. r. Fish Game 3. 5(2): 
175-183. 

78-83. 

22( I I ) :  1432-1458. 

... - 
VOI. I ,  pp. 1-63. 

u 

' 0  0 
9. 

0 
0 
0 
0 
Q 
U 
L1 
u 
'[J 

n 
0 

z 

c3 



'64 Hoglund, L. B. (1961), The  rcla!ions off ish in conrentra!ion gradirnts 
(Report no. 431 (Institute of Freshwater Research, Drottning- 
holm), 147 p. 

166 McNeil, W. J. (195G), The  influence of corbon dioxidr and p H  on thc 
dissolucd oxjgrn rrguircmcn!~ of somc Jrrshwa!n fish Ih4.S. Thesis] 
(Oregon State College, Corvallis), 82 p. 

'S6Powers, E. B. and R .  T. Clark (1943), Further evidence on  
chemical factors affecting the migratory movements of fishes 
especially the salmon. Ecology 24(1):109-113. 

167 Warren, C. E. (1971), Biology and wa!rr pollu!ion con!rol (W. B. 
Saunders Co., Philadelphia, Pennsylvania), 434 p. 

ACIDITY, ALKALINITY AND pH 

168 Burrows, R .  E. (1964), EJrcls of occumulatrd rxcretory produrts on 
harchrry-rearrd salmonids [Bureau of Sport Fisheries and IVildlife 
research report 661 (Government Printing Office, Washington, 
D.  C.), 12 p. 

169Doudoroff, P., G .  Leduc, and C. R .  Schneider (1966). Acute 
toxicity to fish of solutions containing complex metal cyanides, in 
relation to concentrations of molecular hydrocyanic acid. Trans.  
Arnrr Fi.vh. SOC. 95( 1):6-22. 

lSo European Inland Fisheries Advisory Commission. \Vorking Party 
on Water Quality Criteria for European Freshwater Fish (1969), 
Report on extreme p H  values and inland fisheries. Il'atrr Rrs. 3(8): 

Katz, hi.  (1969), The  biological and ecological effects of acid 
mine drainage with particular emphasis to the waters of the 
Appalachian region, appendix F to .4cid minr drainagr in .4p- 
palachio (Appalachian Regional Commission, lt'ashington, 
D. C.), 65 p. 

Kemp, P. H. (1971), Chemistry of natural waters. 11. Alkalinity, 
Il:a!rr Rcs. 5(7):413-420. 

163 Lloyd, R.  (19GI), Effect of dissolved osygen concentrations on the 
toxicity of several poisons to rainbow trout (Solmo goirdrirrii 
Richardson). J .  Exp. Biol. 38(2):447455. 

16' Standard methods (1971) American Public Health Association, 
American \$later Works Association, and \Vater Pollution Con- 
trol Federation (I97 I ) ,  Standard methods for the examination 

Association, Washington, D. C.), 874 p. 

593-61 1. 

- E  ...-I-- - -A  .*.-**- . a i - * - -  1'2th pc1_. !.A:r.cricz" Puhl iq  l-tealth 
V. .....-- ....- ..-__ ."... 

DISSOLVED SOLIDS AND HARDNESS 

la6 Brown, V. M. (l%8), The calculation of the acute toxicity of mix- 
tures of poisons to rainbow trout. Il'a!rr Rrs.  2(10):723-733. 

"'Hart, W. B., P. Doudoroff and J. Greenbank (1945), The evalua- 
tion of the toxicity of industrial wastes, chemicals and other sub- 
stances to freshwater fishes. Waslc Confrol tabora!ory,  !hr Atlanlic 
RcJining Co. of Philadelphia. 

Hutchinson, G .  E. (1957), A frcalise on limnologp, vol. I ,  Geography, 
physics, and chcmisfry (John M'iley 8r Sons, New York), 1015 p. 

Lloyd, R. and D. W. M. Herbert (1962), T h e  effect of the environ- 
ment on  the toxicity of poisons to fish. J .  Insf. Pub. Hralth Eng. 

'"Mace, H.  H .  (1953), Disposal of wastes from water-treatment 
plants. Pub. Works 84(7):73, 88-100. 

""Reid, G.  K. (1961), f io logy  of inland wa!crs and csfuarirs (Reinhold 
Publishing Corp., New York), 368 p. 

17'Rounsefell, G.  B. and W. H.  Everhart (1953), Fishcry scicncc its 
mcfhods and opplica!ioru (John Wiley and Sons, Inc., New York), 

ln Ruttner, F. (l963), Fundomcn!als of limnologv, 3rd ed. (University 

61 : 132-145. 

444 P. 

of Toronto Press, Toronto), 295 p. 

Literature Cited/203 

OILS 

"'Anderson, B. G.  (1944), The toxicity thresholds of various sub- 
stances found in industrial wastes as determined by the use Of 

Daphnio magna. Srwagc ll'orfh J .  16: 1 156- 1 165. 
I7'Avigan, J. and M. Blumer (1968), O n  the origin of pristane in 

marine organisms. J .  Lip id  Res. 9(3):350-352. 
17s Bestougeff, h4. A. (1967), Petroleum hydrocarbons, in Fundo- 

mrntol osprcts of petrolrum gcochrmistcv, B. h'agy and U. Colombo, 
eds. (Elsevier Publishing Co., New York, New York), pp. 109- 
175. 

'76Blumer, h4. (1971), Oil  contamination and the living resources Of 

the sea, no. R-l  in Rrbor/ of !hr F . 4 0  trchnical confrrrnce on marine 
pal/ir/ion and its rJrc/s on S i n g  rrsourrrs ond j s h i n g  IF.40 fisheries 
report 991 (Food and Agricultural Organization of the United 
Nations, Rome), p. 101. 

177 Cairns, J., Jr. and A. Scheier (1958), The effects of periodic low 
osygen upon the tosicity of various chemicals to aquatic or- 
gnnisrns. Purdur LGh,. Eng. Bull. Ex/. Srr. no. 94: 1 G5-I  7G. 

176 Cairns, J., Jr. and A. Scheier (1959), T h e  relationship of bluegill 
sunfish body size to tolerance for sonic coniinon chemicals. 
Purdur Unii:. Erig. Bull. Ex/ .  Str. no. 96:243-252. 

'70CoIc, A. E. (1941): The effects of pollutional wastes on fish life, in 
.4 .~yniposiuni on /ydrobiology (University of \Visconsin Press, 
Madison), pp. 241-259. 

lmCopeland, R. J. and T. C. Dorris (I%-+),  Community metabolism 
in ecosystems receiving oil refinery cmuents. Limnology and 
Ocratiogropl!r 9:43 1 4 4 5 .  

lS1 Forbes, S. A. and R.  E. Richardson (l913), Studies on the biology 
of the upper Illinois River. 111. Stotr Lob. .Vat. / l i s t .  Bull. 9:4UI- 
574. 

lh2 Graham, R .  J .  and T. C. Dorris ( I ' J G 8 ) ,  Long-term tosicity bioas- 
say oil refinery emuents. IIbtrr Rpsrarrh ?:613-G63. 

lb3 Han, J.? E. D. McCarthy, it'. \'an I-loeven, .\I. Calvin, and it'. H. 
Bradlcy (I9G8), Organic geochemicd studies. 1 I .  A preliminary 
report on the distribution of aliph:itic hydrocarbons in algae, in 
bacteria, and in a recent lake sediment. Proc. .<Vat. .4cad. Sci. 

Is' Harrcl, R .  C., R. Davis, and T. C. Dorris (1967), Stream order and 
species diversity of fishes in an intermittent Okhhoma stream. 
Amrricon ;\/idlond Xaturalist vol. 78 (2) 42843G. 

Ib5 Hartung, R .  and G. W. Klingler (19G8), Sedimentation of floating 
oils. Pap .  ;\fich. Acad. sei. :lr/s Lrt!. 53:23-28. 

Hartung, R .  and G. it'. Klingler (1970), Concentration of D D T  
sedirnented polluting oils. Environ. Sci. Trchnal. 4(5):107-410. 

IE7 Hunt, G. S. (1957), C a w s  of mor/ali!y among ducl;s zuintrring on /he 
lowrr Drtroi! R i w r  1Ph.D. thesis] University of Michigan, Ann 
Arbor, 296 p. 

'"Hunt, G.  S. (19G2), 12:ater pollution and the ecology of some 
aquatic invertebrates in the lower Detroit River, in Proccrdings 
of d c  Grral Lakrs risearch conftrcncr [Great Lakes Research Di- 
vision pub. no. 91 (University of htichigan, Institute of Science 
and Technology, Ann Arbor), pp. 29-49. 

Krishnawanii, S. K. and E. E. Kupchanko (1969), Relationship 
between odor of petroleum refinery wastewater and occurrence 
of "oily" taste-flavor in rainbow trout, Salrno gairdncrii. J .  W a ! n  
Pollu!. Con&. .Fed. 41 :R189-R196. 

IW Ludzack, F. J., W. M .  Ingram, and M. B. Ettinger (1957), Charac- 
teristics of a stream composed of oil-refinery and activated- 
sludge effluents. Scwagc Indus!. Il'aastrs 29:1177-1 189. 

"'Mathis, B. J. and T. C. Dorris (1968), Community structure of 
benthic macroinvertebrates in an intermittent stream receiving 
oil field brines. American Midland Naluralis! 80(2) :428-439. 

McCauley, R.  N. (1964), Thc  biological effects of oil pollu!ion in (I 
riucr [Ph.D; dissertation] Cornell University, Ithaca, New York, 
185p. 

lJ.S.:l. 59( 1):29-33. 



PO1/Section III-Freshwaler Aquatic Life and WiIdIife 

iea i&fcl(ee, J .  E. ana H. W. Wolf, eds. (IUSS), Watcr qualily criteria, 
2nd ed. (California. State Water Quality Control Board, pub. 
no. 3-4 Sacramento), 548 p. 

194 Meinck, F., H. Stoof, and H. Kohlschutter (1956), Industric- 
abwtissrr, 2nd ed. (G. Fischer Verlag, Stuttgart), 527 p. 

190 Minter, K. W. (1964) Standing crop and community structure of 
plankton in oil refinery effluent holding ponds. Ph. D. Thesis, 
Oklahoma State Univ., 104 pp. 

'goNorth, W. J., M. Neushul, and K. A. Clendenning (1965), Suc- 
cessive biological changes observed in a marine cove exposed 
to a large spillage of mineral oil, in Marine pollution by micro-or- 
ganisms and petroleum products (Commission Internationale pour 
I'Exploration de la Mer Mtditerrante, Paris), pp. 335-354. 

Pickering, Q. H. and C. Henderson (1966), The acute toxicity of 
some heavy metals to different species of warmwater fishes. Air 
IVater Pollut. 10(6/7): 453463. 

I* Purdy, G. A. ( I  958), Pctrolcum-prchistoric to pctrochemicals (McGraw- 
Hill Book Co., New York), 492 p. 

'WShelton, R. G. J. (1971), Effects of oil and oil dispersants on the 
marine environment. Procccdings of thc Royal Socicly of  London 
Biological Scienccs 177( 1048):411422. 

Sprague, J. B. and W. G. Carson, manuscript (1970). Toxicity tests 
with oil dispersants in connection with oil spill at Chedabucto 
Bay. Nova Scotia. Fish. Res. Bd. of Canada, Technical Report 

m l  Stevens, N. P., E. E. Bray, and E. D. Evans, (1956), Hydrocarbons 
in sediments of the Gulf of Mexico. Bull. A m n .  Ass. Pefrol. Ceol. 
40(5):475483. 

sn Swain, F. M. (1956), Lake deposits in central and northern Min- 
nesota. Bull. Amer. Ass. Petrol. Ccol. 40(4):600-653. 

Tagatz, X i .  E. (1961), Reduced oxygen tolerance and toxicity of 
petroleum products to juvenile American shad. Chesapeake Sci. 

m4Turnbull, H., J. G. DeMann, and R. F. Weston (1954), Toxicity 
of various refinery materials to fresh water fish. Ind. Eng. Chrm. 
46:32+333. 

m6 Wallen, I. E., W. C. Greer, and R. Lasater (1957), Toxicity to 
Gambusia a$nis of certain pure chemicals in turbid waters. 
Scwagc Indust. Ii'asfcs 29(6):695-7 I 1. 

Wilhm, J. L. and T. C. Dorris (1966), Species diversity of benthic 
macro-invertebrates in a stream receiving domestic and oil re- 
finery effluents. .4mcr. Midl. Arat. 76(2):427449. 

set ;e3 :<u. 20;, 50 pp. 

2( 12):65-71. 

Reference Cited 

nn Burks, S. L., pcrsonal communication, (1972). Preliminary report on 
the identification of toxic compounds in oil refinery effluents. 

TAINTING SUBSTANCES 

msAlbersmeyer, W. (1957), The effect of phenolic waste water on 
fish. Fischwirt. 7:207-21 I .  

Albersmeyer, W. and L. V. Erichsen (1959), [Investigations on 
the effects of tar constituents in waste waters.] <. Fisch. 8(1/3): 
4046.  

'Io Aschner, M., C. Laventner, T. Chorin-Kirsch (1967), Off flavor 
in carp from fishponds in the coastal plains and the Galil. Ba- 
midch. Bull. Fish. Cult. Israel 19(11):23-25. 

'I1 Bandt, H. J. (1953, Fischereischaden durch phenolabwasser. 
Il'assnwitrisch.- Wassntcch. 5(9):29&294. 

*u Boetius, J. (1954), Foul taste of fish and oysters caused by chloro- 
phenol. Mcdd. Dan. Fisk. Hauundns. l(4): 1-8. 

zla Cornelius, W. 0. and H. J. Bandt (1933), Fischereischaedigungen 
durch Starke Vermehrung gewisser pflanzlicher Planktonten 
insbesondere Geschmacks-Beeinflussung der Pische durch Oscil- 
latorien. Zeitschrift Fiir Fischnei Und Dnen Hilfswissenschafien. 

z1'English, J. N., G. N. McDermott, and C. Henderson (1963), 
Pollutional effects of outboard motor exhaust-laboratory 
studies. J. IVater Pollut. Cantr. Fcd. 35(7):923-931. 

Fetterolf, C. M. (1962), Investigation of fish off flavor, Muskegon 
lake. Burcou of Water :Wanagcmcnt, A4ichigan Department of Natural 
Rcsourccs. Lansing, Michigan. 

Fetterolf, C. M. (1964), Taste and odor problems in fish from 
Michigan waters. Proc. Ind. Waste Conf. Purduc Uniu. I15:174- 
182. 

'I7 Galtsoff, P. S. (1964), The American oyster, Crassostrea virginica, 
Gmelin. Fish and Wildlife Scruicc Fishcrics Bulletin 64: 1480.  

'"Galtsoff, P. S., W. A. Chipman, Jr., J. 8. Engle, and H. N. Calder- 
wood (1947), Ecological and physiological studies of the effect 
of sulfite pulpmill wastes on oysters in the York River, Va. Fish 
and IVildlifr Scruicc Fish. Bnll. 43(51): 59-186. 

*'9Galtsoff, P. S., H. F. Prytherch, R.  0. Smith and V. Koehring 
(1935), Effects of crude oil pollution on oysters in Louisiana 
waters. Bullctin Burcau of Fish 48(18):209. 

aGaltsofT, P. S. and D. V. Whipple (1931), Oxygen consumption 
of normal and green oysters. Bullctin Bureau of Fish 46:489-508. 

n1 Henley, D. E. (1970), Odorous metabolite and other selected 
studies of Cyanophyta. 1Ph.D. dissertation 1, North Texas State 
University. ' 

221 Korschgen, B. hl., R. E. Baldwin, and J. W. Robinson (1970), In- 
iiuence of environment on paiatabiiity of carp. J. Food Sci. 35(4): 
425428. 

n5 Krishnawami, S. K. and E. E. Kupchanko (1969), Relationship 
between odor of petroleum refinery wastewater and occurrence 
of "oily" taste-flavor in rainbow trout, Salmo gairdncrii. J. M'atcr 
Polluf. Confr. Fed. 41 :R189-R196. 

zz4 Lopinot, A. C. (I962), 1361 Mississippi river taste and odor prob- 
lems. Fish diuision, Illinois drpartmenf of conscruation. 

Ranson, G. (1927), L'absorption de matieres organiques dissoutes 
par la surface exterieure du corps chez les animaux aquatiques. 
These, in Annalcs dc L'Inst. Ocean, t. IV. 

x'Rhoades, J. I V .  and J. D. Millar (1965), Fruit flavor constituents; 
Gas chromatographic method for coniparative analysis of fruit 
flavors. J. Agr. Food Chrm. 13(1):5-9. 

n7 Schulze, E. (1961), The influence of phenol-containing effluents on 
the taste of fish. Int. Rcu. gcs. Hydrobiol. 46(1):84-90. 

Shumway, D. L. (1966), Effects of cflucnts on flauor .f salmon flrsh 
(Agricultural Experiment Station, Oregon State University, 
Corvallis), 17 p. 

"Shumway, D. L. and G. G. Chadwick (1971), Influence of kraft 
mill effluent on the flavor of salmon flesh. Watcr Rcs. 5(11):997- 
1003. 

"OSurber, E. W., J. N. English, and G. N. McDermott (1965), 
Tainting of fish by outboard motor exhaust wastes as related to 
gas and oil consumption, in Biological problcms i n  watrr pollution, 
C. M. Tarzwell, ed. (PHS Pub. 999-WP-251. 

"'Thaysen, A. C. (1935), The origin of an earthy or muddy taint in 
fish. I. The nature and isolation of the taint. Ann. dppl. Biol. 23: 
99-104. 

2nThaysen, A. C. and F. T. K. Pentelow (1936), The origin of an 
earthy or muddy taint in fish, 11. The effect on fish of the taint 
produced by an odoriferous species of Actinomyces. Annals of Ap- 

'Ia Thomas, N. A. and D. B. Hicks (1971), Effects of waste water dis- 
charges on the flavor of fishes in the Missouri river (Siniix City; 
Iowa to Waverly, Missouri), in Eucryonc can't live upsfrcam (United 
States Environmental Protection Agency, Office of Water Pro- 
grams, Kansas City, Missouri). 

la' Westman, J. R. and J. G. Hoff (1963), Flavor studies of Raritan 
Bay fish. Interstate Sanitation Commission, 10 Columbus Circle, 
New York, New York. 

'I6 Wright, R. L. (1966), Pollution abatement practices at the Sea- 

plied B i o l o p ~  23: 105-109. 



Lderature Citcd/205 

c. 

. .  

drift plant of Union Carbide Corporation, presented at  Water 
Pollution Control Federation Conference, Kansas City, Mis- 
souri, September 1966. 

*a6Zillich, J. A. (1969), A secondary fish taint test, Muskegon Lake, 
with special emphasis on fish and water near Continental hlotors 
Corporation. Bureau of Water Management, Michigan Depart- 
ment of Natural Resources. Lansing, Michigan. 

References Cited 
*s7 Newton, M. E. (1967), Fish Tainting Tests, hlanistee Lake, Manis- 

tee County, Bureau of Water Management, Michigan Dept. of 
h'atural Resources, Lansing, Michigan. 

Shumway, D .  L. and M. E. Newton, prrsonal commirnicotion (1971), 
Dean L. Shumway, Department of Fisheries and Wildlife, Oregon 
State University, Corvallis, Oregon, hlichael E. Newton, Bureau 
of Water Management, h4ichigan Department of Natural Re- 
sources, Lansing, Michigan. 

Shumway, D. L. and J. R. Palensky, uripublishrd data (1971), 
Oregon State University, Dept. of Fisheries and IVildlifc, Cor- 
vallis, Oregon. 

HEAT AND TEMPERATURE 

2'0Allen, K. 0. and K. Strawn (1968), Heat tolerance of channel 
catfish Ic/nhru.r ,6unc/a/us, in Procrrdings !/ thr 27st annirnl con- 
frrrnrr of thP Snuthrasirrn Assoriotion nf Comr nnrl Fish Cnmmis.rionrrs 
(The Association, Columbia, South Carolina), pp. 399-41 I .  

Anderson, R .  0. (3959), The influence of season and temperature 
on the growth of the bluegill (Lrponiis marrochirus). Ph.D. thesis, 
University of hIichigan, Horace 1-1. Rackham School of Graduate 
Studies. 133 p. 

442 Andrews, J .  1%'. and R .  R .  Stickney (1972), Intcraction of feeding 
rates and environmental temperature of growth, food conversion, 
and body composition of channel catfish. Trans. Amm. Fish. Sor. 

443 Ansell, A. D., 1968. The Rate  of Growth of the hard clam M r r -  
cenorin mrrcrnnrio (L) throughout the geographical range. Conseil 
permanent international pour I'exploration d e  la mer. 31 :(3) 

244 Baldwin, N. S. (1957), Food consumption and growth of brook 
trout at different temperatures. 7rons. Amrr.  Fish. Soc. 86:323- 
328. 

*46Becker, C. D., C. C. Coutant, and E. F. Prentice (1971), Exprri- 
mental drg/s  of jiiornilr salmonids through rflurrit discharzrs at Hanjord. 
Part I I .  1969 drijts and condirsions [USAEC BNWL-15271 (Bat- 
telle-Northwest, Richland, Washington), 61 p. 

*'cBeyerle, G. B. and Cooper, E. L. (19GO), Growth of brown trout 
' in selected Pennsylvania streanis, Trans. Amrricon Fishrries Socirp 

1'' Bishai, H. M. (1960), Upper lethal temperatures for larval sal- 
monids. J .  Cons. Permo. Inl .  Explor. .!der 25(2): 129-133. 

*'BBlaek, E. C. (1953), Upper lethal temperatures of some British 
Columbia freshwater fishes. J .  Fish. Res. Bd. Canada lO(4): I9fr 
210. 

"9Bliss, C. I.  (1937), Calculation of the tinie-mortality curve. Ann. 
Appl. Biol. 24:815-852. 

ZmBreder, C. M. and D. E. Rosen (1966), Modes .f rrproduclion in 
fishes (The Natural History Press, New York), 941 p. 

261 Brett, J. R .  (1941), Tempering versus acclimation in the planting 
of speckled trout. Trans. Amer. Fish. Soc. 70:397403. 

Brett, J. R .  (1952), Temperature tolerance in young Pacific sal- 
mon, genus Oncorhjnchus. 3. Fish. Res. Bd. Canada 9:265-323. 

'"Brett, J. R .  (1956), Some principles in the thermal requirements 
of fishes. Quart. Reo. Bid.  31(2):75-87. 

26' Brett, J. R .  (1960), Thermal requirements of fish-three decades 

101 (1):94-99. 

364-409. 

89(3): 255-262. 

of study, in Biological problems d wotrr pollution, C. h i .  Tarzwell, 
ed. ( U S .  Department of Health, Education and Welfare, Robert 
A. Taft Sanitary Engineering Center, Cincinnati, Ohio), pp. 

m6 Brett, J .  R.  (1970), Temperature-animals-fishes, in Marine 
ecolog.y, 0. Kinne, ed. (John Wiley 8: Sons, New York), vol. 1, 

266 Brett, J. R .  (1971), Energetic responses of salmon to temperature. 
A study of some thermal relations in the physiology and fresh 
water ecology of sockeye salmon (Oncorhjnchus ncrka). .dnirr. <oo/. 
1 1 ( I )  : 99- I 13. 

4S7Brett, J .  R., J. E. Shelbourn, and C .  T .  Shoop (1969), Growth 
rate and body composition of fingerling sockeye salmon, Onror- 
hynrhirs nrr/;o, in relation to temperature and ration size. J .  Fish. 
Res. Bd. Canada 26(9):2363-2394. 

2s Brookhavcn National Laboratory (1969), Diversity and stability 
in ecological systems. Brodhorrn Svniposia in Binlog-y 22:264 pp. 

269 Bullock, T .  1-1. ( I  955), Compensation for temperature in the metab- 
olism and activity of poikilotherms. B i d .  Rru. (Cambridge) 30(3): 

260Burdick, G.  E., H. J. Dean, E. J. Harris, J. Skea, C .  Frisn and C. 
Sweeney ( I  968), hlethosychlor as a blackfly larvicide: persistence 
of its residues in fish and its effect on stream arthropods. X.?-. 
Fish. Gonir J .  15(2):121-142. 

Cairns, J., Jr. (1968), We're in hot water. Scirntisr ond Citi;rti IO(8) :  

262 Churchill, M. A. and T. A. M'ojtalik (1969), Effccts of heated dis- 
charges on the aquatic environment: the TV.4 experience, in 
I'roocrrdinzs .4mrricori Poion Cnn/crrncr (Tennessee Valley Authority, 
Chattanooga), vol. 31, pp. 360-368. 

263 Clark, J. R .  (1969), Thermal pollution and aquatic life. Sci. .4mer. 

26' Cooper, E. L. (1953), Periodicity of growth and change of condi- 
tion of brook trout (Salzvlinris f o n t i d i s )  in three Michigan trout 
streams. Copeia 1953(2):107-1 14. 

265 Coutant, C. C. (1968), Thermal pollution-biological effects: a 
review of the literature of 1967. J .  Il'otrr Pollut. Contr. Frd. 40(6): 
1047-1052. 

2c6 Coutant, C. C. (1969), Thermal pollution-biological effects: a 
review of the literature of 1968. J .  I17atrr Pollut. Contr. Fed. 41(6): 
1036- 1053. 

207 Goutant, G. C;. ( i5iuaj ,  Tnrrlllai 1~u;;u;;ur,-;;u:"~;c;: C Z X ~ S :  z 
r c v i r ~  of :he !i:erz$:re nf ! 964. 4 .  7 !!'n!n F'n//i//. Cnntr. Frd. 42(6): 
1025- 1057. 

m Coutant, C. C. (1970b), 7hrmiol rrsistance of adult coho (Oncor- 
hynchus kisutch) and j a c k  chinook (0. tshawytscha) salmon, om' /he 
adult sterlhrad frout (Salnio gairdnerii) from fhe Columbia R i t w  
[SEC BNWL-I5081 Battelle-Northwest, Richland, Washington, 
24 p. 

269 Coutant, C. C. (1970c), Biological aspects of thermal pollution. I.  
Entrainment and discharge canal effects. CRC Critical Reu. En- 
uiron. Contr. 1(3):341-381. 

no Coutant, C. C. (1971), Thermal pollution-biological effects. J .  
H'ofrr Pollut. Contr. Fed. 43(6):1292-1334. 

n1 h u t a n t ,  C. C. and R .  h4. Steele (1968), Effect of temperature on  
the development rate of bottom organisms, in Pacific Northwest 
Laboratory Annual Report for 1967 to USAEC Division of 
Biology and Medicine, vol. I ,  Biological Sciences, Thompson, 
R .  C., P. Teal and E. G. Swezes, eds. [BNWL-714] Battelle- 
Northwest, Richland, Washington. 

n2Doudoroff, P. and D. L. Shumway (1970), Dissolvrd oxygen rcquirc- 
mints .f freshwater fishes [Food and Agricultural Organization 
fisheries technical paper 861 (FAO, Rome), 291 p. 

ns Ebel, W. J., E. M. Dawley, and B. Monk (1970), Thermal tolerance 
of juvenile Pacific salmon in relation to supersaturation of nitro- 
gen gas. Fish. Bull. 69 (4):833-843. 

110-:17. 

pp. 515-560. 

31 1-342. 

187-198. 

220(3): 18-27. 



206/Seclion III-Freshwater Aqualic Life and PVi/dlife 

274 Edsall, T. A. and P. J. Colby (1970), Temperature tolerance of 
young-of-the-year Cisco, Coregonus artedii. Transactions of American 
Fisheries Socicly 99:(3)52&531. 

ns Fast, A. W. (1968), Artificial destratification of El Capitan reser- 
voir by aeration. I. Effects on  chemical and physical parameters. 
Calg .  Dep. Fish Game Fish Bull. no. 141, 97 p. 

ne Fry, F. E. J: (1947), Effects of the environment on animal activity. 
Uniu. of Toronto Stud. Biol. Sn. N o .  55 Publ. Ont. Fish. Resh. Lab. 

m Fry, F. E. J. (1951), Some environmental relations of the speckled 
trout (Saluelinas fontinalis). Proc. Northeast. Atlantic Fisheries 
Conf. May, 1951. 

n*Fry,  F. E. J. (1964), Animals in aquatic environments: fishes 
temperature effects (Chapter 44) Handbook of Physiology, 
Section 4: Adaptation to the Environment. A m n .  Physiol. SOL., 
LVashington, D. C. 

Fry, F. E. J. (1967), Responses of vertebrate poikilotherms to 
temperature [review], in Thrrmobiology, A. H. Rose, ed. (Aca- 
demic Press, New York), pp. 375409.  

Fry, F. E. J., J.  R. Brett, and G. H. Clawson (1942), Lethal limits 
of temperature for young goldfish. Reo. Can. Biol. 1(1):50-56. 

Fry, F. E. J., J. S. Hart, and K .  F. Walker (1946), Lethal tempera- 
ture relations for a sample of young speckled trout, Sacelinus 

fontinalis [University of Toronto biology series no. 541 (The 
University of Toronto Press, Toronto), pp. S 3 5 .  

=Gammon,  J. R. (1970), Aquatic lge survey .f the IVabash Ricer, with 
special rcjerence IO the effects of thermal rfluents on populations of micro- 
inuertrbrater andjish; 790-7969 (DePauw University, Zoology De- 
partment, Greencastle, Indiana), 65 p. 

Gibson, E. S. and F. E. J. Fry (1954), The  performance of the lake 
trout, Saluelinus namaycush, at  various levels of temperature and 
oxygen pressure. Can. J .  Zool. 32(3):252-260. 

Graham, J. LM. (1949), Some effects of temperature and oxygen 
pressure on the metabolism and activity of the speckled trout 
Saluelinus fontinalis. Can. J. Res (D) 27:270-288. 

zeb Hart, J. S. (1947), Lethal temperature relations of certain fish in 
theTorontoregion. Trans. Roy. SOC. Can. (Sec. 5 )  41:57-71. 

zm Hart, J. S. (1952), Geographical uariations ./ some physiological and 
morphological choracters in certain freshwater jish. (University of 
Toronto biology series no. 60) (The University of Toronto Press, 
Toronto), 79 p. 

Hawkes, A. L. (1961), A review of the nature and extent of damage 
caused by oil pollution at sea. Trans. N. Am. Wi ld l .  and N o t .  Re- 
sources Conf. 26:343-355. 

Heinle, D. R.  (1969), Temperature and zooplankton. Chesapeake 
Sci. 10(34):186-209. 

HOE, J. G. and J. R.  \Vestman (1966), The temperature tolerancn 
of three species of marine fishes. J. Mar. Res. 24(2):131-140. 

'WHoglund, B. and S. A. Spigarelli (1972), Studies of the sinking 
plume phenomenon. Argonne National Lab., Center for Envir. 
Stud., Argonne, Ill. 

'gLHorning, \V. B. I 1  and R. E. Pearson (1972), Growth, tempera- 
ture requirements and lower lethal temperature for juvenile 
smallmouth bass (.Wicropfrrus dolomieu Lacepede). Draft manu- 
script, U.S. National Water Quality Laboratory, Duluth, hfinn. 

Jaske, R. T. and hi.  0. Synoground (1970), Effect of Hanford Plant 
ofinations on the tempnature of the Columbia Riun 7964 to the present 
[BNWL-1345] (Battelle-Northwest, Richland, IVashington), 
various paging. 

Jensen, A. L. (1971), The  effect of increased mortality on  the 
young in a population of brook trout: a theoretical analysis. 
Trans. A m n .  Fish. SOC. 100(3):456-459. 

Kennedy, V. S. and J. A. Mihursky (1967), Bibliopraphy on the cf- 
fects of tempnature in the aquatic rnoironmcnt [Contribution 3261 
(University of Maryland, Natural Resources Institute, College 
Park) 89 p. 

N o .  68: 1-62. 

"'Kinne, 0. (1963), T h e  effects of temperature and salinity on 
marine and brackish water animals. I.  temperature. Oceanogr. 
M a r .  Biol. Annul Rcu. 1:301-340. 

"6 Kinne, 0. (l970), Temperature-animals-invertebrates, in 
Marine ecology, 0. Kinne, ed. (John Wiley & Sons, New York), 
vol. I ,  pp. 407-514. 

Kramer, R.  H.  and L. L. Smith Jr. (1960). First year growth of 
the largemouth bass, Micropterns salmoides (Lncepde) and some 
related ecological factors. Transaclions ;Imnican Fisheries Socity 

msKrenkel, P. A. and F. L. Parker, eds. (1969), Biological aspects of 
thermal pollution (Vanderbilt University Press, Nashville, Ten- 
nessee), 407 p. 

299 Lawler, G. H. (1965), Fluctuations in the success of year-classes of 
white-fish populations with special reference to Lake Erie. J. 
Fish. Res. Bd. Canada 22(5):1197-1227. 

100 Lemke, A. L. (1970), Lethal effects of various rates of temperature 
increase on Cammarus pseudolimnacus and Hydropvche belteni with 
notes on other species. U.S. National \Vater Quality Laboratory, 
Duluth, Minnesota. 

aol McComish, T .  S. (1971), Laboratory experiments on growth and 
food conversion by the bluegill. Ph.D. dissertation, Univ. of 
hlissouri, Columbia, Mo. 

McCormick, J. H. et al. (1971), Temperature requirements for 
growth and survival for Larvae Ciscos (Coregonus artedii). Jour. 
Fish. Res. Bd. Canada 28:924. 

mJ McIntire, C. D. (1968), Physiological-ecological studies of benthic 
algae in laboratory streams. J. Water Pollut. Contr. Fed. 40( I I 
part 1):1940-1952. 

Merriman, D., et al. (1965), T h e  Connecticut River investigation, 
1965-1 972. (A series of semi-annual progress reports). Connecti- 
cut Yankee Atomic Power Company, Haddar, Connecticut. 

Mount, D. I. (1970), Statement before hearing before the Joint 
Committee on Atomic Energy, Congress of the United States, 
Ninety-First Congress, first session [on environmental effects of 
producing electric power.] part 1, pp. 356-373. 

30eNarver, D. W. (1970), Diel vertical movements and feeding of 
underyearling sockeye salmon and the limnetic zooplankton in 
Babine Lake, British Columbia. J .  Fish. Res. Bd. Canada 27(2): 

~ 0 '  Nebeker, A. V. (1971), Effect of temperature at different altitudes 
on the emergence of aquatic insects from a single stream. J. 
Kans. Entomol. SOC. 44(1):26-35. 

Parker, F. L. and P. A. Krenkel, eds. (1969), Engineering aspects 
of thermal pollution (Vanderbilt University Press, Nashville, Ten- 
nessee), 351 p. 

*09 Peek, F. W. (1965). Growth studies of laboratory and wild popu- 
lation samples of smallmouth bass (Microplerus dolornieu Lacepede) 
with applications to mass marking of fishes. h.1.S. Thesis, Univ. 
of Arkansas, Fayetteville. 

a10 Pennsylvania Fish Commission (1971), IVater pollution report no. 
4170. 

Poltoracka, J. (1968), [Specific composition of phytoplankton in a 
lake warmed by waste water from a thermoelectric plant and 
lakes with normal temperature. ] Acta. SOL. Bot. Pol. 37(2):297- 
325. 

alz Pritchard, D. W. (1971), Design and siting criteria for once- 
through cooling systems. Presented at the American Institute of 
~ I K ~ I U S ~ I  firrgiricen 68th annuai meeting, 2 'Riarcn i35i ,  
Houston, Texas. 

J'3 Raney, E. C. and B. W. Menzel (1969), Heated e u e n t s  and effects 
on aquatic lift with emphasis onjishes: a bibliography, 38th ed. ( U S .  
Department of the Interior, Water Resources Information Center, 
Washington, D.C.), 469 p. 

814 Robinson, J. G. (1968), Fish mortalip report, Lake Michigan, Port 

89(2) :222-233. 

281-3 16. 

e,. . I r 



t 
1. 

I 

. 

Sheldon, Augusf 29, 1968 (Michigan Water Resources Commis- 
sion, Lansing), 2 p. 

116 Robinson, J. G .  (1970), Fish mortality report, Lake Michigan, 
Port Sheldon. Michigan Water Resources Commission, Lansing, 
Michigan. 

114 Robinson, J. G .  (1970), Fish mortality report, Lake Michigan, 
Port Sheldon. Michigan Water Resources Commission Lansing, 
Michigan. 

SI' Smith, W. E. and R.  W. Saalfeld (1955), Studies on Columbia 
River smelt Tholeichlhys pacificus (Richardson). Wash. D i p .  Fish. 
Fish. Res. Pap. 1(3):1-24. 

118 Smith, S. H. (1964), Status of the deepwater cisco population of 
Lake Michigan. Trans. Amer. Fish. SOC. 93(2):155-163. 

JIOStrawn, K. (1961), Growth of largemouth bass fry at various 
temperatures. Tram. A m n .  Fish. SOC. 90:334-335. 

"Strawn, K. (1970), Beneficial uses of warm water discharges in 
surface waters. In: Electric power and thermal discharges: 
thermal considerations in the production of electric power, M. 
Eisenbud and G. Gleason (eds.) pp. 143-156. 

Trembley, F. J. (1965), Effects of cooling water from steam-elec- 
tric power plants on stream biota, in Biological problems in wocer 
pollufion. Third seminar, C. M. Tarzwell, ed. (US .  Department of 
Health, Education and Welfare, Public Health Service, Division 
of Water Supply and Pollution Control, Cincinnati, Ohio), pp. 
334-345. 

"Vernon, E. H. (1958), An examination of factors affecting the 
abundance of pink salmon in the Fraser River [Progress report 
no. 51 (International Pacific Salmon Fisheries Commission, New 
Westmins ter, British Columbia). 

"'Wiebe, J. P. (1968), The effects of temperature and day length 
on the reproductive physiology of the viviparous seaperch, 
Cymotogastn aggrcgata Gibbons. Can. 3. zed. 46(6):1207-1219. 

References Cited 

*' Coutant, C. C., unpublished dafa,  (1971) Oak Ridge Laboratory, 

"bFast, A. W. (1971), Effects of artificial aeration on lake ecology. 

*$Fry, F. E. J., personof obseruation, (1971) University of Toronto, 

P7 Jones, B., unpublished dato, (1971) National Water Quality Labora- 

128 National Water Quality Laboratory (1971) unpublished dato, Duluth, 

129 Wojtalik, T. A., unpubfisheddafa, (1971) Tennessee Valley Authority. 

Oak Ridge, Tennessee. 

Ph.D. dissertation, Michigan State Univ., E. Lansing. 

Ontario, Canada, Dept. of Zoology. 

tory, Uuluth, Minnesota. 

Minnesota. 

ORGANIC MERCURY 

Chapman, W. H., H. L. Fisher, M. W. Pratt. 1968. Concenfration' 
Factors of Chemical Elements in Ediblr Aquotic Organisms. UCRL- 
50564 Lawrence Radiation Laboratory, University of Cali- 
fornia; Livermore, California, 50 pp. 

)*I Clemens, H. P. and K. E. Sneed (1958), The chemical control of 
some diseases and parasites of channel catfish. Progr. Fish-Cult. 

Clemens, H. P. and K. E. Sneed (1959), Lethal doses of several com- 
mercial chemicals forfingoling channel colJirh [US. Fish and Wildlife 
Service special scientific report-fisheries 3 161 (Government 
Printing Office, Washington, D. C.), 10 p. 

SJ'Dunlap, L. (1971), Mercury: anatomy of a pollution problem. 
Chem. Eng. News 49(27):22-34. 

la' Fagerstrom, T. and A. Jernelov (1971), Formation of methyl 
mercury from pure mercuric sulphide in aerobic organic sedi- 
ment. Wafer  Res. 5(3):121-122. 

2o(i):a-i5. 

Literature C i t e d / 2 0 7  

"'Hamilton, A. (1971), Mercury levels in Canadian fish, in the 
paper b y  E. G .  Bligh, in Mercury in man's environment (Royal 
Society of Canada). 

Hannerz, L. (1968), Experimental investigations on the accumula- 
tion of mercury in water organisms. Rep. Ins/ .  Frtshwo/rr Rts. 
Drottningholm no. 48:120-176. 

Harriss, R .  C., D. B. White, and R. B. h4acfarlane (1970), hlercury 
compounds reduce photosyntheses by plankton. Scipncr 170: 

5'8 Hasselrot, T. B. (1968), Report on current field investigations con- 
cerning the mercury content in fish, bottom sediment, and water. 
Rrp. Inst. Frrshwaccr Rrs. Drof/ningholm no. 48: 102-1 11. 

Sa9 Jensen, S. and A. Jernelov (1969), Biological methylation of 
mercury in aquatic organisms. A'aturr 223:753-754. 

Jernelov, A. (1972), Environmental mercury contamination. R. 
Hartung, ed. Ann Arbor Science Publication, Ann Arbor, 
h4ichigan. 

Joensuu, 0. I .  (1971), Fossil fuels as a source of mercury pollu- 
tion. Scirncr 172:1027-1028. 

(42 Johnels, A. G., T .  Westermark, W. Berg, P. I.  Persson, and B. 
Sjostrand (1967), Pike (Esox lucius L.) and some othrr aquatic 
organisms in Sweden as indicators of mercury contamination of 
the environment. Oikos 18(2):323-333. 

a4'3Klein, D. M. (1971), Sources and present status of the mercury 
problem [Preprint of a paper presented at the Mercury in the 
Western Environment Conference, Portland, Oregon, February 
25-26, sponsored by the Environmental Health Sciences Center, 
Oregon State University, Corvallis, Oregon 1. 

"'Klein, D. H. and E. D. Goldberg (1970), Mercury in the marine 
environment. Environ. Sci. Trchnol. 4(9):765-768. 

1'6 Lofroth, G. (1970), Methylmercury: a review of health hazards 
and side effects associated with the emission of mercury com- 
pounds into natural systems. Swedish Natural Science Research 
Council, Ecological Research Committee, Bulletin no. 4, 2nd 
ed., 59 p. 

146 h4iettinen, V., E. Blankenstein, K .  Rissanen, M. Tillander, J. K. 
Miettinen, and M. Valtonen (1970), Preliminary study on the 
distribution and effects of two chemical forms of methylmercury 
in pike and rainbow trout, paper E-91 in Morinr p o f h f i o n  and its 
rJrc/s on living resourcrs and fshing (Food and Agricultural Or- 
ganization of the United Nations, Rome), pp. 171. 

National Academy 01 Sciences < i  SG;;, i ? u b V $ , k ; ~ ; ; ; :  ;:::s;s, :x= 
q u m c ~ i ,  cc i i~&- ;  {Thc P.c.x!cmy, Washiyton: D. C.)! 661 p. 

Nelson, N., ed. (1971), Hazards of Mercury. Environmen~ol Rescorch 
4:l-69. 

Rucker, R. R.  and D. F. Amend (1 969), Absorption and retention 
of organic mercurials by rainbow trout and chinook and sockeye 
salmon. Progr. Fish-Cult. 31(4): 197-201. 

'MRucker, R .  R.  and W. J. M'hipple (1951), Effect of bacteri- 
cides on steelhead trout fry, (Salmo goirdnrrii). Progr. Fish-Cult. 
13( 1) :43-44. 

'61 Swedish National Institute of Public Health (1971), Methyl 
mercury in fish: a toxicological-epidemiological evaluation of 
risks. Report from an expert grout. Nord. Hyg. Tidskr. supp. 4, 
289 p. 

Takeuchi, T. (1970), Biological reactions and pathological changes 
of human beings and animals under the condition of organic 
mercury contamination. Preprint of a paper presented at the 
International Conference on Environment Mercury Contamina- 
nation, Ann Arbor, Michigan, 30 pp. 

* ) a  Ukeles, R. (1962), Growth of pure cultures of marine phytoplank- 
ton in the presence of toxicants. Appl.  Microbiol. lO(6) :532-537. 

*&'Van Horn, W. M. and R .  Balch (1955), Stream pollutional as- 
pects of slime control agents. Tappi 38:151-153. 

"'Wallace, R. A., W. Fulkerson, W. D. Shulu, and S. W. Lyon 
(1971), Mercury in the Environment-The Human Element. 

736-737. 

' 



208/Section III-Freshwater Aqualic Life and Wildlife 

ORNL-NSF-EP-I, Oak E d g e  Nz!ion-! Labora:oiy, Oak 
Ridge, Tennessee, 61 pp. 

a56 Willford, W. A. (19GG), Toxicity of 22 therapeutic compounds to 
six fishes in Investigation in fish control. No. 20 U S .  Fish tVild. 
Ser. Bur. Sport Fish. \Vild Resour. Publ. 35, lop.  

' I 1  Wobescr, G.,N. 0. Nielsen, R.  H. Dunlop, and F. M. Atton (1970), 
Mercury concentrations in tissues of fish from the Saskatchewan 
River. J. Fish. Res. Bd. Canada 27(4):830-834. 

\Vood, J. M., C. G. Rosen, and F. S. Kennedy (1969), Synthesis 
of methyl-mercury compounds by cxtracts of a methanogenic 
bacterium. JVafure 220: 173-1 74. 

References Cited 
'59 D'Itri, F. XI. unpublished dofa, 1971. The environmental mercury 

problem, a report to the Michigan House of Representatives- 
resulting from House Resolution 424, Great Lakes Contamina- 
tion (Xfercury) Committee, J. M. Snyder, Chairman. 289 pp. 

(60 Mount, D. I., prrsonal communication, 1971. National Water Quality 

161 X.lount, D. I., unpublished dolo, 1971. National \Vater Quality 
' Laboratory, Duluth, Minn. 

Laboratory, Duluth, Minnesota. 

PHYALATE ESYERS 

362 Frear, D. E. H. (1969), Pcslicide indrx, 4th ed. (College Science 
Fui.,ii>iicrs, Stair Zoiiege, Pennsyivaniaj, 399 p. 

a'* Neely, H. C. (1970), Production increasing but prices low. Chrm. 
Ens. ,\'etcs 48(37):59A-GIA. 

164 Nemntollahi, J., \V. L. Guess, and J. Autian (19G7), Plasticizers 
in niedical application. I. Analysis and toxicity evaluation of 
dinlkyl bcnzenedicarboxylates. J. Pharm. Sci. 56( I I): 1446-1453. 

Schoof. 1-1. F., G. \V. Pearce, and W. Mathis (1963), Dichlorous 
as a residual fumigant in mud, plywood, and bamboo huts. Bull. 
ll'orld I lrnlfh Organ. 293227-230. 

'I6 Stalling, D. L. (1972), Analysis of organochlorine residues in fish: 
current research at the Fish-Pesticide Research Laboratory, in 
Pesficidr chrrnisfry, vol. 4, Af t fhods  in residue ana!vsis, A. S. Tahori, 
ecl. (Gordon P; Breach Science Publishers, New York), pp. 413- 
438. 

Reference Cited 
Sanders, 0. rtnpublishcd dafa I97 I, Fish-Pesticide Research Labora- 

tory, Columbia, Missouri. 

POLYCHLORINATED BIPHENYLS 

'"Anderson, D. \V., J. J. Hickey, R .  \V. Risebrough, D. F. Hughes, 
and R. E. Christensen (1969), Significance of chlorinated hydro- 
carbon residues to breeding pelicans and cormorants. Can. Firld 
.,Valur. 83(2):91-1 12. 

Armour, J. A. and J. A. Burke (I970), Method for separating 
polychlorinated biphenyls from DDT and its analogs. J .  Ass. 
0 5 6 .  Anal. Chrrn. 53(4):761-768. 

Bagley, G.  E., IV.  L. Reichel, and E. Cromartie (1970), Identifica- 
tion of polychlorinated biphenyls in two bald eagles by combined 
gas-liquid chromatography-mass spectrometry. J. Ass. Ofic. .ha [ .  
Chrm. 53(2) :25 1-26 I. 

Duke, T. W., J. I. Lowe, and A. J. \\'ikon, Jr. (1970), A poly- 
chlorinated biphenyl (Aroclor 1254@) in the water, sediment, 
and biota of Escambia Bay, Florida. Bull. Enuiron. Contam. Toxicol. 
5(2): I 7 I-! en. 

"* Gustafson, C. G. (l970), PCB's-prevalent and persistent. Enuiron. 
Sci. Trchnol. 4:814-819. 

"'Hansen, D. J., P. R. Parrish, J. I. Lowe, A. J. Wilson, Jr., and 
P. D. Wilson (1971), Chronic toxicity, uptake, and retention of 
a polychlorinated biphenyl (Aroclor 1254) in two estuarine 
fishes. Bull. Enuiron. Contam. Toxicol. 6(2):1 13-1 19. 

374 kiolden, A. V. (1970), International cooperative study of organo- 
chlorine pesticide residues in terrestrial and aquatic wildlife 
1967/1968. Pesfic. Monit. J. 4(3):117-135. 

as Holmes, D. C., J. H. Simmons, and J. O'G. Tatton (1967), 
Chlorinated hydrocarbons in British wildlife. Nature 216:227- 
229. 

Jensen, S. A., G. Johnels, S. Olsson, and G. Otterlind (1969), 
DDT and PCB in marine animals from Swedish waters. Nature 

Jensen, S., N. Johansson, and M. Olsson (1970), PCB-indications 
of effects on salmon, PCB conference, Stockholm, September 29, 
1970. (Swedish Salmon Research Institute), [Report LFI MEDD 
7/1970]. 

nsKoeman, J. I-I., hf. C. Ten Noever de Brauw, and R. H. De Vos 
(l969), Chlorinated biphenyls in fish, mussels and birds from 
the River Rhine and the Netherlands coastal area. Nafurr 221: 
1126-1 128. 

h,iayer, F. L., Jr. in presr (1972), Special report on PCB's in Progress 
in sport fishery research, 1970. (Government Printing Office, 
IVashington, D. C.) 

hfulhern, B. M., E. Cromartie, W. L. Reichel, and A. A. Belisle 
(1971), Semi quantitative determination of polychlorinated 
biphenyls in tissue samples by thin layer chromatography. J .  
ASS. Ofic. Anal. Chcm. 54(3):548-550. 

NP~c!::~, .h.. V., P. A. Piibk ard E. i. Deioe ji97i j, I'oxicity of 
polychlorinated biphenyls (PCB) to fish and other aquatic life. 
Final draft. Enuironmcnlal Profecfion Agcncy, Nafional  Water Qualify 
Laboratory, Duluth, Minnesota. 

82 Nimmo, D. R., P. D. Wilson, R. R. Blackman, and A. J. Wilson, 
Jr. (l971), Polychlorinated biphenyl absorbed from sediments 
by fiddler crabs and pink shrimp. Nulure 231 :50-52. 

I* Papageorge, W. B. (1970), Monsanto Company, presented in 
part at a meeting, "PCB's in the environment," March 17, 1970, 
sponsored by the National Water Quality Laboratory, FWQA, 
Duluth, Minnesota. 

84 Peakall, D. B. and J. L. Lincer (1970), Polychlorinated biphenyls- 
another long-life widespread chemical in the environment. Bio- 
scicncc 20:958-964. 

Reynolds. L. Xf .  (1971), Pesticide residue analysis in the presence 
of polychlorobiphenyls (PCB's). Residuc Rro. 34:27-57. 

"'Risebrough, R. \V., P. Rieche, D. B. Peakall, S. G. Herman, and 
M. N. Kirven (1968), Polychlorinated biphenyls in the global 
ecosystem. Xuture 220: 1098-1 102. 

Risebrough, R. (1970), blore letters in the wind. Enuironmrnf 12(1): 
16-26. 

a9Saunders, H. 0. (1972), Special report on PCB's, in Progress in 
sport fishery research 1970. (Government Printing Office, Wash- 
ington, D. C.). 

399 Saunders, H. 0. in prrss, Special Report on PCB's. In: Prosrrss in 
Sport Fishery Rrsearch, Bureau of Sport Fisheries and Wildlife, 
Resource Publication USGPO. 

"Stalling, D. L. and F. L. Mayer, Jr. (1972), Toxicities of PCBs 
to fish and environmental residues. Environmental Healfh Pn- 
specfiurs 1 : 159- 164. 

a91Stalling, D. L. and J. N. Huckins (1971), Gas-liquid chromato- 
graphy-mass spectrometry characterization of polychlorinated 
biphenyls (aroclors) and WI-labeling of Aroclors 1248 and 
1254. J. .4ss. Ofic. Anal. Chrrn. 54(4):801-807. 

'92 Stalling, D. L. in press (1971), Analysis of Organochlorine Residua 
in Fish-Current Kesearch at the Fish-Pesticide Research Labora- 
tory, Conference on Pesticide Chemistry. Tel Aviv, Israel. 

224:247-250. 

References Cited 

Brungs, W. A., personal communication, 1972. Effects of polychlori- 
nated biphenyls on aquatic life. 



I 
I 
D 
I. 
i 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
P 

.i - 

i 
I 
I 

*04 h4ehrle, P. A{. and B. F. Grant, unpublishrd dolo, 1971. Fish Pesti- 
cide Research Laboratory, Columbia, Missouri. 

J95 Frank, R .  and J. Rees, personal communico/ion. R .  Frank, Director 
of Provincial Pesticide Residue Testing Laboratory, University 
of Guelph, Guelph, Ontario, Canada; J. Rees, Ontario Water 
Resources Commission, Toronto, Ontario, Canada. 

age Stalling, D. L. and J. L. Johnson, unpublishrd doto, 1970. Labora- 
tory Crosscheck analyses from the 1970 National Pesticide 
hlonitoring Program. Fish Pesticide Research Laboratory, 
Columbia, h4issouri. 

897 Stalling, D. L. and J. N. Huckins, iinpuhlishd do/a, 1971. National 
Pesticide hlonitoring Program. Fish Pesticide Research Labora- 
tory, Columbia, Missouri. 

METALS 

a98Ball, I.  R.  (1967), The  relative susceptibilitics of some spccirs of 
fresh-water fish to poisons. I. Ammonia. H'olrr Rrs. l(1 1-12): 

899Bender, M.  E., W. R .  Matson, and R .  A. Jordan (1970), O n  the 
significance of metal complesing agents in secondary sewage 
emuents. Emiron. Sci. Trchnol. 4(6):520-521. 

No Boetius, J. (19GO), Lethal action of mercuric chloride and phenyl- 
mercuric acetate on fishes. Afedd. Don. Fisk. Ifoc*rrndrrs. 3(4):93- 
115. 

'01 Brown, V. hl.  (1968), The calculation of thc acute tosicity of mix- 
tures of poisons to rainbow trout. IVolrr Res. 2(10):723-733. 

'02 Brungs, 14'. A. (1969), Chronic tosicity of zinc to the fathead Inin- 
nows, PimrfIholrs promelos Rafinesque. Trnns.  .4111rr. Fish. Soc. 

(03 Cairns, J., Jr. (1956), The effccts of increased temperatures upon 
aquatic organisms. Purdue U n i ~ .  Ens. Bull. E.r/. Srr. no. 89:346- 
354. 

'0' Cairns, .J., Jr. and A. Scheier ( I f )%) ,  T h e  effcct of periodic low 
oxygen upon the toxicity of various chcmicals to aquatic or- 
ganisms. 72/h Ind. ll'os/r Conj. Proc. Purdrrr. Unit. Eng. E.r/cn.rion 
Srrirs. 

'05 Crandall, C. A.  and C. J. Goodnight (1962), Effects of suhlcthal 
concentrations of several tosicants 011 growth of thc common 
guppy, Lcbis~es r r / i c u l o h .  Lirnnol. Ocronopr. 7(2) :233-239. 

"GDoudoroff, P. and hi .  Katz ( i Y % j ,  Griticai review of iircrarurc 
on iiir iuxki iy  u: iiiiiiistiia: wzxcs end thtir c=:::p=~tnts !C 

11. The metals as salts. Sewnpr Indust. Il'ns/rs 25(7):802-839. 
'O' Frceinan, R.  A. and W. H.  Everhart (1971), Tosicity of aluminum 

hydroxide complexes in neutral and basic media to  rainbow 
trout. Trons. Amer. Fish. SOC. IOO(4):644-658. 

Hawksley, R .  A. (1967), Advanced water pollution analysis by a 
water laboratory. clnolyzer 8(l):l3-15. 

"OHerbert, D. W. A I .  and D. S. Shurben (1964), T h e  toxicity to 
fish of mixtures of poisons. I.  Salts of ammonia and zinc. Ann. 
Appl. Biol. 53(1):33-41. 

Hervey, R. J. (1949), Effect of chromium on the growth of uni- 
cellular Chlorophyceae and diatoms. Bot. Cor. 1 1  l(l):l-I I .  

'It Jones, J. R .  E. (1939), The  relation between the electrolytic solu- 
tion pressures of the metals and their toxicity to the stickleback 
(Gosterosfeus oculeafus L.). 3. Exp/l. Biol. 16:425437. 

Lloyd, R .  (1960), Toxicity of zinc sulfate to rainbow trout. Ann. 
Appl. Riol. 48:84-94. 

'13 Lloyd, R.  (19GI), Effect of dissolved oxygen concentrations on  
the toxicity of several poisons to rainbow trout (Solmo goirdncrii 
Richardson). J .  Exp. Biology 38:447. 

"'Lloyd, R .  and D. W. M. Herbert (19CO), Influence of carbon 
dioxide on the toxicity of non-ionized ammonia to rainbow trout 
(Solmo pairdncrii). Ann. App l .  Biol. 48:399-104. 

'I6 McKee, J. E. and H. W. Wolf, eds. (1963), Wotrr qualiv crilnio, 

767-775. 

98(2) :272-279. 

Literature Cited/209 

2nd ed. (California. State Water Quality Control Board, Sacra- 
mento), 548 p. 

416McKim, J. M. and D. A. Benoit (1971), Effects of long-term ex- 
posures to copper on survival growth, and reproduction of 
brook trout (Sul~~rliniis /on/ inol is) .  J .  Fish. Rrs. Rd. Conodo 28(5): 

'I' Mount, D. I.  (19FG), T h c  effect of total hardness and p H  on acute 
tosicity of zinc to fish. Air Il'otrr Pollul. 10(1):49-56. 

418hlount, D. I. (1968), Chronic tosicity of copper to fathead min- 
nows (Pimrpholcs pronvlos! Rafinesque). IVo/cr Rrs. 2(3):215-223. 

Mount, D.  I. and C. E. Stephen (1969), Chronic tosicity ofcopper 
to the fathead minnow (Pimrpholrs promrlos) in soft water. J .  
Fish. Rrs. Bd.  Cotindo. 26(9):2449-2457. 

42-1 Nilsson, R .  (1970), .4sprr/s on Ihr l o x i c i ! ~  o/ rodmiiinr ond i / s  compounds. 
[Ecological Research Committee bulletin no. 7 1 (Swedish Natural 
Science Rcsearch Council, Stockholm), 58 p. 

"'O'Connor, J .  T. ,  C. E. Rcnn, and I. \Vintner (1964), Zinc con- 
ccntrations in rivers of the Chesapeake Bay region. J .  Amrr.  
ll'olrr 11-orks :iss. 56: 180-286. 

cn Olson, P. A. (1958), Comparative toxicity of Cr  ( V I )  and C r  (111) 
in snlnion, in HnnJord biologi, rcs~nrrh onnuol r ~ / m r /  ,/or 7957 1I-l W 
53.5001 (Hanford Atomic Products Opcration, Richland, \\'ash- 
ington), pp. 215-218. 

428 Olson, P. .4. and R.  F. Foster (1956), Erect  of chronic exposure 
to sodium dichromate on young chinook salmon and rainbow 
trout, in Biology rrsrnrrh-onnrrol rrfIor/.for 7955 [H\\' 41.500] (I-Ian- 
ford Atomic Products Operation, Richland, \\'ashington), pp. 
35-47. 

424 Olson, P. .4. and R .  F. Foster (1957), Further studies on thc effect 
of sodium dichromate on juvenile chinook salmon, in Biology 
rr.rrorc~~-nnnunl rrporl , for  795G [ 1-1\\'-47500] (I.lanford Atomic 
Products Operation, Richland, \Vashington), pp. 2 14-24, 

4Zs Pickcring, Q. H. (19G8), Some effects of dissolvcd oxygen con- 
centrations upon thc tosicity of zinc to blucgill Lrpomis niocro- 
chirtrs Raf. ll'n/rr Rrs. 2(3):107-194. 

426 Pickering, Q. H. and C. Henderson (1966), T h c  acute tosity of 
some heavy metals to different species of warm water fishes. 
InPl .  J .  :lir-Il'o/rr Polltilion. 10:453-463. 

427 Pickering, Q. P. and hl. Gast, it1 prrss, Acute and chronic toxicity 
of cadmium to the fathead minnow (Pimrpholrs pronwlos Rafi- 
nesque). 

animals: with special reference to fish. Quorl. Rei,. B i d .  39(3): 

4z9 Sprague, J. B. (1964a), Lethal concentrations of copper and zinc 
for young Atlantic salmon. J .  Fish. Res. Bd. Conoda 2 I (I): 17-26, 

424 Sprague, J. B. (1964b), Avoidance of copper-zinc solutions by 
young salmon in the laboratory. J .  1Vdt-r Pollul. Conlr. Frd. 36(8): 

Sprague, J.  B. (1968a), Avoidance reactions of rainbow trout to  
zinc sulphate solutions. H'u/ar Res. 2(5):367-372. 

'12 Sprague, J. B. (1968b), Promising anti-pollutant: chelating agent 
NTA protects fish from copper and zinc. A'ofurc 220: 1345-1 346. 

4a3 Standard methods (1971) American Public Health Association, 
American Water Works Association, and Water Pollution Con- 
trol Federation (1971), Standard methods for the examination of 
water and waste water, 13th ed. (American Public Health As- 
sociation, Washington, D.  C.), 874 p. 

'1' Stiff, h4. J. (1971), Copper/bicarbonate equilibria in solutions of 
bicarbonate ion at .concentrations similar to those found in 
natural water. Wo/cr Rcs. 5(5):171-176. 

'85 U. K .  Ministry of Technology (1969), Water pollution research: 
report of the director, Water Pollution Research Laboratory, 
Stevenage, Great Britain, pp. 58-60. 

'"Uspenskaya, V. I. (1946), Influence of mercury compounds on  
aquatic organisms. Gig. Sonit. II(1I):I-8) 

655-CG2. 

aKru,rru,c ,  ;. y ,  I l n c r \  T--.:-;**. -r 4-c r n n ~ n n i i n r l c  tn aqniatic 
I -. -..-- .- - -- \.*"..,, * "  ...-.. ,-.E _ I  . I . ... = 

227-248. 

990-1 104. 



2 1 OISection 111-Freshwaler Aquatic Life and Wildlife 

4s Weir, P. A. and C. H. Hine (1970), Effects of various metals on 
behavior ofconditioned goldfish. Arch. Enuiron. Heolfh 20(1):45-51. 

References Cited 
4 ~ 9  Benoit, D. A., unpublished doto, 1971. Long term effects of hexava- 

lent chromium on the growth, survival and reproduction of the 
brook trout and rainbow trout. National Water Quality Labora- 
tory, Duluth, Minn. 

419 Biesinger, K. E., G. Glass and R. W. Andrew, unpublished d o h ,  
1971. Toxicity of copper to Daphnia mogna, National Water 
Quality Laboratory, Duluth, Minn. 

440 Biesinger, K. E. and G. M. Christensen, unpublished datu, 1971. 
Metal effects on  survival, growth, reproduction and metabolism 
of Dophnia mogno. 

4 4 1  Brungs, CV. A., unpublished datu, 1971. National Water Quality 
Laboratory, Duluth, Minn. 

442 Eaton, J. G., unpublished data, 1971. Chronic toxicity of cadmiurn 
to the bluegill. National Water Quality Laboratory, Duluth, 
hlinn. 

442 Everhart, CV. H., unpublished data, 1971. Zoology Dept. Colorado 
State University, Fort Collins, Colorado. 

4 4 4  Fisheries Research Board of Canada, unpublished datu, 1971. 
4 4 5  iMcKim, J. M. and J. G. Eaton, unpublished dofa,  1971. Toxic 

levels of cadmium for eggs and fry of several fish species. Na- 
. :---I -.-- n..-,:... T-L---.--. n. . i . . . t .  n*:-- 
..".aL.. ..<..C. u_Y ' . 'LL ,  Ud"".O.".y, " U I U I L I ,  11111111. 

446 Pickering, Q .  H., unpublished datu, 1971. Newtown Fish Toxicology 
Laboratory, Cincinnati, Ohio. 

447 Patrick, R., unpublished data, 1971. Dissolved and floating ma- 
terials in water eutrophication, effects of heavy metals on diatoms, 
a description of various freshwater receiving systems. Academy 
of Natural Sciences of Philadelphia. 

PESTICIDES 

448Bender, M. E. (1969), Uptake and retention of malathion by the 
carp. Progr. Fish-Culf. 31 (3): 155-159. 

Burdick, G. E., H.  J. Dean, E. J. Harris, J. Skea, C. Frisa, and C. 
Sweeney (l968), Methoxychlor as a blackfly larvicide: persis- 
tence of its residues in fish and its effect on stream arthropods. 
JV. Y. Fish. Come J .  15(2):121-142. 

4 m B ~ r d i c k ,  G. E., E. J. Harris, H.  J. Dean, T. M. \Valker, J. Skea, 
and D. Colby (1964), The accumulation of D D T  in lake trout 
and the effect on reproduction. Trans. h e r .  Fish. SOC. 93(2): 

Cope, 0. B. (1961), Effects of D D T  spraying for spruce budworm 
on fish in the Yellowstone River system. ?-runs. Amcr. Fish. SOC. 

Eaton, J. G. (1970), Chronic malathion toxicity to the bluegill 
(Lrpomis mncrochirus Rafinesque): Water Res. 4( IO) :673-684. 

452 Elson, P. F. (lO67), Effects on wild young salmon of spraying D D T  
over New Brunswick forests. J. Fish. Res. Bd. Conado 24(4):731- 
767. 

'" Feltz, H. R., 1%'. T. Sayers, and H. P. Nicholson (1971), National 
monitoring program for the assessment of pesticide residues 
in water. Prstic. M o n i f .  3. 5(1):54-62. 

Frank, P. A. and R. D. Comes (1967), Herbicidal residues in pond 
water and hydrosoil. IVreds 15(3):210-213. 

"'Gakstatter, J. L. and C. M. Weiss (1965), The decay of anti- 
cholinesterase activity of organic phosphorus insecticides on 
storage in waters of different pH.  Proceedings Second Infnnotional 
lVoter Pollufion Confncnce, Tokyo, 1964, pp. 83-95. 

Gillett, J. W., ed. (1969), The biological impucf o/ pesficides in fhe 
enuironmcnf [Environmental health science series no. I ]  (En- 
vironmental Health Studies Center, Oregon State University, 
Corvallis), 210 p. 

127-1 36. 

9!)(3):239-251. 

4m Harne!Ink, J. L., R.  C. Waybran:, and R. C. %!I (I%:), A pro- 
posal: exchange equilibria control the degree chlorinated hydro- 
carbons are biologically magnified in lentic environments. Trans. 
A m n .  Fish. SOC. 100(2):207-214. 

469  Hannon, M. R., Y. A. Greichus, R. L. Applegate, and A. C. Fox 
(1970), Ecological distribution of pesticides in Lake Poinsett, 
South Dakota. 7run.r. Amer. Fish. SOC. 99(3):496-500. 

(60 Hartung, R.  (1970) Seasonal dynamics of pesticides in western 
Lake Erie. Sea Grant progress Report. University of Michigan, 
Ann Arbor. 

46'Henderson, C., W. L. Johnson, and A. lnglis (1969), Organo- 
chlorine insecticide residues in fish. (National pesticide moni- 
toring program). Pcslic. A40nif. J .  3(3):145-171. 

4"Hopkins, C. L., H.  V. Brewerton, and H. J. LV. McGrath (1966), 
The effect on  a stream fauna of an aerial application of D D T  
prills to pastureland. N.  <. J. Sci. 9(1):236-248. 

4'33Hunt, E. G. and A. I. Bischofi (1960), Inimical effects on wildlife 
of periodic DDD applications to Clear Lake. Calif. Fish Come 

Hynes, H.  B. N. (1961), T h e  effect of sheep-dip containing the 
insecticide BHC on the fauna of a small stream, including 
Simulium and its predators. rlnn. Trop. Mcd.  Parasitol. 55(2): 192- 
196. 

465 Ide, F. P. (1967), Effects of forest spraying with D D T  on aquatic 
insects of salmon streams in New Brunswick. J .  Fish. Rr.r. /?A. 
Conndu 24(4) :769-805. 

Johnson, D. CV. (1968), Pesticides and fishes: a review of selected 
literature. Trons. A m r r .  Fish. Sac. 97(4):398424. 

457 Johnson, H. E. (1967), The rffects of endrin on Ihc reproducfion of (I 

fresh iuotrr Jsh (Oryzias Iatipes) [ Ph.D. dissertation 1 University 
of Washington, Seattle, 149 p. 

4 0  Johnson, H. E. and C. Pecor (1969), Coho salmon mortality and 
D D T  in Lake Michigan. Trons. N. Amrr. IVildl. Xotur.  Resow. 
Conf. 34: 159-166. 

469 Kerswill, C. J. and H. E. Edwards (1967), Fish losses after forest 
sprayings with insecticides in New Brunswick, 1952-62, as shown 
by caged specimens and other observations. J. Fish. Rrs. Bd. 
Canndo 24(4):709-729. 

470Kraybill, H. F., ed. (1969), Biological effects of pesticides in 
mammalian systems. Ann. JV. Y. Acod. Sci. l60:1422. 

Lichtenberg, J. J., J. W. Eichelberger, R.  C. Dressman, and J. E. 
Longbottom (1970), Pesticides in surface waters of the United 
States: a five-year summary, 1964-68. Pestic. rbfonif. J .  4(2): 

472 Lotse, E. G., D. A. Graetz, G. Chesters, G. B. Lee, and L. CV. 
Newlind (1968), Lindane adsorption by lake sediments. Enuiron. 
Sci. Technol. 2(5) ~353-357. 

473Macek, K. J. (1968), Growth and resistance to stress in brook 
trout fed sublethal levels of DDT. J. Fish. Rcs. Bd. Canodo 25(1 I ) :  

474 Mayer, F. L., Jr., J. C. Street, and J. M. Neuhold (1970), Organo- 
chlorine insecticide interactions affecting residue storage in 
rainbow trout. Bull. Enuiron. Contom. Toxicol. 5(4):300-310. 

47s Mount, D. I. and C. E. Stephan (1967), A method for detecting 
cadmium poisoning in fish. J. IVildlifc Manogc. 31(1):168-172. 

47'iMount, D. I .  (1968), Chronic toxicity of copper to fathead min- 
nows (Pimepholes promelus, Rafinesque). Woter Res. 2(3) :215-223. 

(17 Mrak, E. M. chairman, (1969), Reporf o/ the Secretary's Commission 
on pesficides nnd fheir relotionship f o  cnuironmenfol healfh (Govern- 
mrnt  Printing Office, Wasnington, b. C.j, 677 p. 

478 iMullison, W. R .  (1970), Effects of herbicides on water and its 
inhabitants. IVeed Sci. 18(6):738-750. 

479 Pickering, Q. H., C. Henderson, and A. E. Lemke (1962), T h e  
toxocity of organic phosphorus insecticides to different species of 
warmwater fishes. Trons. A m n .  Fish. Soc. 91(2):175-184. 

4631-1 06. 

71-86. 

2443-245 I .  



Literature Citedl2 1 1 

'w Pimentel, D. (1971), Ecological effects of pcsficidcs on non-fargel sprcies 
(Government Printing Office, Washington, D. C.), 220 p. 

481 Reinert, R. E. (1970), Pesticide concentrations in Great Lakes 
fish. Pcsfic. Monit. 3 .  3(4):233-240. 

aRosa to ,  P. and D. E. Ferguson (1968), The toxicity of endrin- 
resistant mosquitofish to eleven species of vertebrates. Bioscience 

'BJSchoenthal, N. D. (1964), Some effects of DDT on cold-water 
fish and fish-food organisms. Proc. M o n f .  Acad. Sci. 23( 1):63-95. 

'B'Sprague, J. B., P. F. Elson, and J. R .  Duffy (1971), Decrease in 
DDT residues in young salmon after forest spraying in New 
Brunswick. Enuiron. Polluf. 1 :191-203. 

485 Tarrant, K.  R. and J. O'G. Tatton (1968), Organochlorine pesti- 
cides in rainwater in the British Isles. A'ature 219:725-727. 

'R'Terriere, L. C., U. Kiigemai, A. R.  Gerlach, and R. L. Borovicka 
(1966), The persistence of toxaphene in lake water and its up- 
take by aquatic plants and animals. J. Agr. Food Chrm. 14(1): 
66-69. 

'"Wershaw, R.  L., P. J. Burcar, and M. C. Goldberg (1969), Inter- 
action of pesticides with natural organic material. Enuiron. Sci. 
Technol. 3(3):271-273. 

-Wilson, D. C. and C. E. Bond (1969), Effects of the herbicides 
diquat and dichlobenil (Casoron) on pond invertebrates. I .  
Acute toxocity. Trans. Amer. Fish. SOC. 98(3):438443. 

'*QYule, W. N. and A. D. Tomlin (1971), DDT in forest streams. 
Bull. Enuiron. Conlam. Toxicol. 5(6):479-488. 

'W Zabik, M. J. (1969), The contribution of urban and agricultural 
pesticide use to the contamination of the Red Cedar River. Of- 
fice of Water Resources Research Projrcf No. A-Ol2-A4ichigan, Of- 

j c r  Jl'a/rr Resources 19 pp. 

18:783-784. 

References Cited 
do1 Macek, K.  J., unpublished data (1971). Investigations in fish pesti- 

cide research, U.S. Bureau of Sport Fisheries and Wildlife. 
491 Michigan Department of Agriculture personal conimunicafion (1970) 

(Reinert, R.) Lansing, Michigan. 

AMMONIA 

Ball, I. R. (1967), Toxicity of cadmium to rainbow trout (Salmo 

49'Brockway, D. R .  (1950), Metabolic products and their effects. 
Progr. Fish-Cult. 12:127-129. 

'06 Burrows, R .  E. (1964), Effects of accumulated excrefory products on 
hafchcty-rearrd salmonids [Bureau of Sport Fisheries and Wildlife 
research report 661 (Government Printing Office, Washington, 
D. C.), 12 p. 

'$'Downing, K. M.  and J. C. Merkens (1955), The influence of dis- 
solved oxygen concentration on the toxicity of unionized am- 
monia to rainbow trout (Salmo gairdnrrii Richardson). Ann. Appl.  

' 9 7  Ellis, M.  M. (1937), Detection and measurement of stream pol- 
lution. US. Bur. Fish. Bull. no. 22:365-437. 

' 98  Flis, J. (1968), Histopathological changes induced in carp (Cy- 
prinus carpio L.) by ammonia water. Acla Hydrobiol. 10(1/2):205- 
238. 

4 s  Fromm, P. 0. (l970), Toxic acfion of water solublc pollutanfs on fresh- 
wafer j s h  [Environmental Protection Agency water pollution 
control research series no, 18050DSTj (Government Printing 
Office, Washington, D.C.), 56 p. 

W Hazel, C. R.,  W. Thomsen, and S. J. Meith (1971), Sensitivity of 
striped bass and stickleback to ammonia in relation to tempera- 
ture and salinity. Calif. Fish Game 57(3):138-153. 

WIHerbert, D. W. M., D. S. Shurben (1965), The susceptibility of 
salmonid fish to poisons under estuarine conditions: 11. Am- 
monium chloride. Air Wafer Polluf. 9(1/2):89-91. 

!. M'nf,r R I . ~ .  I f 1  1,/12):805-806. 

Biol. 43:243-246. 

mLloyd, R. (1961), The toxicity of ammonia to rainbow trout 
(Salmo gairdnnii Richardson). M'ofrr H'aste Trrat. 8:278-279. 

ma Lloyd, R. and L. D. Orr (1969), The diuretic response by rainbow 
trout to sub-lethal concentrations of ammonia. Wafer  Res. 3(5): 
335-344. 

m4 Lloyd, R. and D. W. M. Herbert (1960), The influence of carbon 
dioxide on the toxicity of un-ionized ammonia to rainbow trout 
(Salmo gairdnrrii Richardson). Ann. Appl. B i d .  48:399404. 

m6 hlerkens, J. C. and K. hl. Downing (1957), The effect of tension 
of dissolved oxygen on the toxicity of un-ionized ammonia to 
several species of fish. Ann. Appl. Biol. 45(3):521-527. 

Reichenbach-Klinke, H. H. (l967), Untersuchungen uber die 
einwirkung des ammoniakgehalts auf den hchorganismus. Arch. 
Fischrreiwiss. I 7(2) : 122- 132. 

w7 Wuhrmann, I(. (1952), [Toxicology of fish]. Bull. Cenf. Belge 
Etude Document. Eaux no. 15, pp. 44-60, 

Wuhrmann, K., F. Zehender, and H. \Volier (1947), [Biological 
significance of the ammonium and ammonia contents of flowing 
water in fisheries]. I'ierfrljahrrsschr. n'aturforsch. Grs. <urich 92: 

Wuhrmann, K. and H. Woker (1948), Beitrage zur toxikologie der 
fische. 11. Experimentelle untersuchungen uber die ammoniak- 
und blausaure-vergiftung. Schwrir. <. Hjdrol. 1 I :210-244. 

198-204. 

CHLORINE 

"OArthur, J. W. and J. G. Eaton (1971), Chlorine toxicity to the 
Amphipod, Gammarus pseudolimnatus and the fathead minnow 
Pimrphalespromclas Rafinesque. 3. Fish. Rrs. Bd. Canada, (in press). 

6"Basch, R. E., M. E. Newton, J. G .  Truchan, and C. M. Fetterolf 
(1971), Chlorinated municipal wasfe foxicifirs to rainbow lrout and 

fathrad minnows [Environmental Protection Agency water pollu- 
tion control research series no. 18050G22 ] (Government Print- 
ing Office, Washington, D. C. ) ,  50 p. 

612 Brungs, \V. A. in prrparafion (1972), Literature review of the effects 
of residual chlorine on aquatic life. National Water Quality 
Laboratory, Duluth, hlinn. 

" 8  Laubusch, E. J. (1962), Water chlorination, in Chlorinr: its rnanu- 
facfure, properfirs and usrs, J. S .  Sconce, ed. [American Chemical 
Society monograph series no. 1541 (Reinhold Publishing Corp., 

61' -McKcc, J. E. and W. W. Wolf: eds. (1963). M'atrr qualily nifcria,  
2nd ed. (California. State Water Quality Control Board, Sacra- 
mento), 548 p. 

u6 Merkens, J. C. (1958), Studies on the toxicity of chlorine and 
chloramines to rainbow trout. Wafer Wasfe  Treat. 3. 7:150-151. 

"'Sprague, J. B. and D. E. Drury (1969), Avoidance reactions of 
salmonid fish to representative pollutants, in Advances in w a t n  
pollufion research, proceedings of fhc 41h infernational conferenct, S .  H. 
Jenkins, ed. (Pergamon Press, New York), pp. 169-179. 

"'Tsai, C. F. (1968), Effects of chlorinated sewage effluents an fish 
in upper Patuxent River, Maryland. Chcsapeokc Sci. 9(2):83-93. 

b18Tsai, C. F. (1970), Changes in fish populations and migration in 
relation to increased sewage pollution in Little Patuxent River, 
Maryland. Chesapeake Sci. ll(l):34-41. 

)IQ Zillich, J. A. (1972), Toxicity of combined chlorine residuals to 
fresh water fish. Journal of U'atn Pollufion Confrol Frderation 44: 
2 12-220. 

..- .,.A l v rw i.uri;, pp. -TJ,--r"-T. 

CYANIDES 

smBurdick, G. E., H.  J. Dean, and E. J. Harris (1958), Toxicity of 
cyanide to brown trout and smallmouth bass. J'. Y. Fish Game 3 .  
5(2) : 133-1 63. 

L*l Burdick, G. E. and M. Lipschuetz (1948), Toxicity of ferro- and 



2 1 2ISection III-Fresliwaler Aquatic L y e  and PViIdlife 

ferricyanide solutions to fish, and determination of the cause of 
mortality. Trons. Amcr. Fish. SOC. 78: 192-202. 

Cairns, J., Jr. and A. Scheier (1963), Environmental effects upon 
cyanide toxicity to fish. Nofuloe Nofur. (Philadelphia) no. 361: 
1-1 I .  

128 Doudoroff, P. (1956), Some experiments on the toxicity of complex 
cyanides to fish. Scwoge Indust. IVosles 28(8): 1020-1040. 

"'Doudoroff, P., G.  Leduc and C. R. Schneider (1966), Acute 
toxicity to fish of solutions containing complex metal cyanides, 
in relation to concentrations of molecular hydrocyanic acid. 
Trons. :lmcr. Fish. SOC. 95(1):6-22. 

126 Downing, K .  X I .  (1954), Influence of dissolved oxygen concentra- 
tion on the toxicity of potassium cyanide to rainbow trout. J .  
Exp. B i d .  3 I (2) : I6 I- 164. 

628 Henderson, C., Q. H. Pickering, and A. E. Lemke (1960), T h e  
effect of some organic cyanides (nitriles) on fish. Purdire Unio. 
Eng. Bull. Exf .  Scr. no. 106:120-130. 

sn Jones, J. R. E. (1964), Fish ond riucr pollulion (Butterworth 9; Co., 
London), 200 p. 

6s \Vuhrman, K. and H. Woker (1955), Influence of temperature of 
oxygen tension on the toxicity of poisons to fish. Proc. Inter- 
national Assoc. Theoret. Appl. Leinnol., 12:795-801. 

Reference Cifed 

Dm Patrick, R., unpihlishcd data, 1971. Academy of Natural Sciences 
of Philadelphia. 

DETERGENTS 

Arthur, J. \V. (1970), Chronic effects of linear alkylate sulfonate 
detergent on Commnrus pscudolimnoeus, Compc/onia dicisum, and 
Physa intrgro. Il'o/rr Rcs. 4(3):251-257. 

"'Bardach, J. E., M. Fujiya, and A. Holl (1965), Detergents: ef- 
fccts on the chemical senses of the fish Iclolurus nalulis (le Sueur). 
Scitncc 148: 1605- 1607. 

'nHokanson, K.  E. F. and L. L. Smith (1971), Some factors in- 
fluencing toxicity of linear alkylate sulfonate (LAS) to the blue- 
gill. Trans. Amrr. Fish. SOC. lOO(l):l-l2. 

saa Marchetti. R. (1965), Crilicol rcuieiu o/ thc cffccls of synfhrtic drtrrgcnts 
on nqrrntic lifr [Studies and reviews no. 261 (General Fish Council 
for the Xfcditerrancan, Rome), 32 p. 

Pickering, Q. H. (1966), Acute toxicity of alkyl benzene sulfonate 
and linear alkylate sulfonate to the eggs of the fathead minnow, 
Pimtphnlcs proniclos. .4ir IVntrr Pollrrl. lO(5) :385-391. 

1a5 Pickering, Q. H. and T. 0. Thatcher (1970), The chronic toxicity 
of linear alkylate sulfonate (LAS) to Pimrphalcs promclas. J .  Il'otcr 
Po//rrl. Contr. Fcd. 42(2 part 1):243-254. 

Standard methods (1971) American Public Health Association, 
American \Vater \Vorks Association, and \Vater Pollution Con- 
trol Federation (1971), Standard methods for the examination 
of water and waste water, 13th ed. (American Public Health 
Association, Washington, D. C.), 874 p. 

6n Swisher, R.  D. (1967), Biodegradation of LAS benzene rings in 
activated sludge. J .  Amcr. Oil Chcm. SOC. 44( 12):717-724. 

6"Thatcher, T. 0. and J. F. Santner (1966), Acute toxicity of LAS 
to various fish species. Purdue Linic-. Eng. Bull. E d .  Scr. no. 121: 
996- 1002. 

PWENOLlCS 

lr) Ellis, M. M. (1937), Detection and measurement of stream pollu- 
tion. US. Bur Fish. Bull. no. 22:365-437. 

Fetterolf, C. h.1. (1964), Taste and odor problems in fish from 
hfichigan waters. Proc. Znd. IVoste Conf. Purdue Uniu 115:174-182. 

'" hfitrovic, U. U., V. M. Brown, D. G. Shurben, and M. H. Berry- 

man (1968), Some pathological effects of sub-acute and acute 
poisoning of rainbow trout by phenol in hard water. CVofcr Rcs. 
2(4) 3249-254. 

*'*Turnbull, H., J. G. DeMann, and R. F. Weston (1954), Toxicity 
of various refinery materials to fresh water fish. fnd. Ens. Chcm. 
46:324-333. 

SULFIDES 

"*Adelman, I. R .  and L. L. Smith, Jr. (1970), Effect of hydrogen 
sulfide on northern pike eggs and sac fry. Trans. t lmcr.  Fish. SOC. 
99(3) :50 1-509. 

~4 Bonn, E. \V. and B. J. Follis (1967), Effects of hydrogen sulfide on 
channel catfish (fctalurus puncfotus). Trons. Amcr. Fish. SOC. 96( I ) :  

5's Colby, P. J. and L. L. Smith (1967), Survival of walleye eggs and 
fry on paper fiber sludge deposits in Rainey River, Minnesota. 
Trans. r lmrr.  Fish. SOC. 96(3) :278-296. 

6'6 Schaut, C. C. (l939), Fish catastrophies during droughts. J .  Amrr.  
I1 bfer  I I'orks Ass. 3 I ( l):77 1-822. 

"7Smith, L. L. (1971), Influence of hydrogen sulfide on fish and 
arthropods. Preliminary completion report EPA Project 18050 
PCG, 30 p p  

5'8 Smith, L. L. and D. Oseid inpr .  r (1971), Toxic effects of hydrogen 
sulfide to juvenile tish and f h eggs. Proc. 25th Purdue Indus- 
trial \Vaste Conf. 

"'Theede, 13.. A. Ponat, K. Hiroi:, and C. Schlieper (19G9), Studies 
on the resistance of marine bottom invertebrates to oxygen-de- 
ficicncy and hydrogen sulfide. Mar.  B i d .  2(4):325-337. 

Van I-lorn, \V. M. (1958), T h e  effect of pulp and paper mill 
wastcs on  aquatic life. Proc. Ontorio Indust. Il'astc Con/. 550-66. 

3 1-36. 

WILDLIFE 

"LAnderson, D. \V. and J. J. Hickey (1970) Oological data on egg 
and breeding characteristics of brown pelicans. CVilsori Bull. 82 

"*Bell, J .  F., G .  \V. Sciple, and A. A. Hubert (1955), A microen- 
vironment concept of the epizoology of avian botulism. J .  IVi/d- 
life .\fonagc. 19(3):352-357. 

Bitman, J., H. C. Cecil, S. J. Harris, and C .  F. Fries (1969), D D T  
induces a decrease in eggshell calcium. Nuture 224:44+6. 

SKdBorg, K., I-I. Wanntorp, K. Erne, and E. Hanko (l969), Alkyl 
mercury poisoning in terrestrial Swedish wildlife. I'illrcuy 6(4): 
301 -379. 

t.55 Burdick, G.  E., 1-1. J. Dean, E. J. Harris, J. Skea, C. Frisa, and 
C. Sweeney (1368), Methoxychlor as a black fly larvicide, 
persistence of its residues in fish and its effects on stream arthro- 
pods. JV. Y. Fish Cnme 15(2):121-142. 

5~ Christiansen, J. E. and J. B. Low (1970), IVater requirements of 
waterfowl marshlands in northern Utah. Pirblicolion JVO. 69-12, 
Litoh Division o/ Fish nnd Come. 

057 Cooch, F. G. 1964. Preliminary study of the survival value of a 
salt gland in prairie Anatidae. Auk. 81(1):380-393. 

w Dustman, E. H., L. F. Stickel and J. B. Elder (1970), Mercury in 
wild anikals, Lake St. Clair. Paper prcsmfcd ut the Enuironmrnlol 
Mercury Contominotion Confcrence, Ann Arbor, Michigan. 

0)9 Enderson, J. H. and D. D. Berger (1970), Pesticides: eggshell 
thinninF: and lowered reproduction of young in prairie falcons. 
Bioscicnce 20:355-356. 

660 Fay, L. D.  1966. Type E botulism in Great Lake water birds. 
Trans. 31st N. Amer. Wildlife Conf.: 139-149. 

belField, H. I. and E. T. R. Evans (1946), Acute salt poisoning in 
poultry. Vel Rcc. 58123):253-254. 

6s FtVPCA (1968) 
U.S. Department of the Interior. Federal Water Pollution Con- 

( I ) :  14-28. 



3 
I 

I C  

I 

I 

I 

I o  

trol Administration (1968), Il'afcr qualify criferio: rrporl of Ihc 
Na/ional Technical Advisory Comrnittrc f o  fhc Secrrfary OJ tho Inlrrior 
(Government Printing Office, Washington, D.  C.), 234 p. 

Gaufin, A. R., L. D. Jensen, A. V. Nebeker, T. Nelson, and R .  W. 
Tee1 (1965), T h e  toxicity of ten organic insecticides to various 
aquatic invertebrates. Jl'afn and Srwagr IVorks 112(7):276-279. 

Greig, R .  A. and H. L. Seagram (1970), Survey of mercury con- 
centrations in fishes of lakes St. Clair, Erie and Huron. Paprr 
prcsentrd at fhc Enuironrncnfal A4rrcury Contamination Con/rrrncc, Ann 
Arbor, h4ichigan. 

666Griffith, M'. H., Jr. (1962-63), Salt as a possible limiting factor 
to the Suisan Marsh pheasant population. Annual report, Delta 
Fish Br Wildlife Protection Study, Cooperative Study of Cali- 
fornia. 

b6( Hartung, R.  (1965), Some effects of oiling on reproduction of 
ducks. J .  Wildlifr A-lonogr. 29(4):872-874. 

be7 Hartung, R .  (1967a), Energy metabolism in oil-covered ducks. 
J .  Il'ildlife Alanagr. 3 I(4): 798-804. 

b68Hartung. R .  (1967b), An outline for biological and physical con- 
centrating mechanisms for chlorinated hydrocarbon pesticides. 
Pap. .Mich. .4rod. Sci. Arts  Lr/l .  52:77-83. 

b69 Hartung, R .  and G. S. Hunt  (1966), Tosicity ofsomc oils to water- 
fowl. J .  IVildlifr Monagr.  30(3) :564-570. 

b7'3Hartung, R.  and G.  \\I. Klinglcr (1970), Concentration of D D T  
sedirnented polluting oils. EniJiron. Sci. Tccltnol. 4(5) :407410. 

b71 Hawkcs, A. L. 1961. A rcvicw of thc nature and cxtent of damage 
caused by oil pollution at sea. Trans. N. Am. \Vildlifc and Na- 
tional Resources Conf. 263343-355. 

b7*1-leath, R.  G., J. 1%'. Spann, and J. F. Krcitzcr (1!%9), hfarkcd 
DDE impairment of mallard rrproduction i n  controlled studics. 
.A'a/irrr 224:47-48. 

678 Henriksson, K., E. Karppnncn, and h.1. I-lclminen (19GG), High 
residue of mercury in Finnish whitr-tailed eagles. Ornis F ~ I I I I .  

b74 Hickey, J. J. and D. IY. Anderson (l960), Chlorinatrd hydro- 
carbons and eggshell changes in raptorid and fish-eating birds. 
Scicncr I 62:27 1-273. 

b7"olt, G. (19G9), hlcrcury residues in wild birds in Norway: 1965- 
19G7, J'ord, V r l .  M t d .  21(2):105-1 14. 

"BHunt, G. S. (1957), Cousrs of mor/oli!!. among drrrlh win/rring on thr 
!!'k.E. dirscrtnfion 1 1 jnitwsity of hlichienn. 

Ann Arbor, Michigan. 
s77 Hunter, B. F., W. E. Clark, P. J. Pcrkins and P. R .  Colein:in 

(l970), Applied botulism research including management recom- 
mendations-a progress report. Cdifornio Drpor/ntrnt of Fish 
Gamr, Sacramento, 87 p. 

678 Jensen, W. I. and J. P. Allen (1960): A possible relationship br- 
tween aquatic invertebrates and avian botulism. Trans. .M. Anirr. 
Il.'ildl. A'dur. Rrsour. Con/. 25: 171-1 79. 

6'9 Jensen, S. and A. Jernelov (1969), Biological methylation of 
mercury in aquatic organisms. A'atvre 223:753-754. 

Jensen, S., A. G. Johnels, M. Olsson and G. Otterlind (19G9), 
D D T  and PCB in marine animals fro:n Swedish waters. Nature 

Kalmbach, E. R .  (1934), Western duck sickness: a form of botu- 
lism. US. D r p .  Agr. Tech.  Bull. No. 411, pp. 181. 

1 2  Kaufman, 0. W., and L. D. Fay (1964), Clostridium botirlinuni type 
E toxin in tissues of dead loons and gulls. A4ichigon Sfofe  Uni- 
ucrsip Expcrimcti/ Station Quartrr!v Bullrtin 47:236-242. 

Keith, J. A. (1966), Reproduction in a population of herring gulls 

43(2) :38-45. 

224:247-250. 

(Lorus orgrntotus) contaminated by DDT. J .  Apftl. Lrol .  3 (supp): 
57-70. Supplement 3 published as Prsticidrs in /hr u;rironnirrt/ 
and thrir rffrrts oil wildlijr, N. W. h,ioore, ed. (Black\vell Scirntilic 
Publications, Oxford). 

Kennedy, H. D., L. L. Eller, and D. F. \Yalsh (1970), Chrorrir t-f- 
JPCIS n/ mrthosJrhlor on 611qi1Is and aqiialic iniwtrbrotrs (Rurrnu of 
Sport Fishcrirs and \Vildlifc technical paper 531 (Govrrnmcnt 
Printing Oflice, \\:ashington, D.  C.), 18 p. 

"'Krista, L. hi., C. 11'. Carlson, and 0. E. Olson (1961), Sonic cf- 
fects of saline waters on chicks, laying hens, poults and ducklings. 
Poirl/rv Sri .  40(4):938-944. 

"'h.lcKcrt h i .  T., J. F. Bell and 14'. 1-1. Hoyer (1358)! Culture of 
Clostridium bo/irlinirrn type C with controlled pl-l. Journol of /lor- 
/rriolox! 75(2): 135-142. 

"7 h,IcKnight, D. E. (1970), \Vatrrfowl productioo on a spring-frd 
salt marsh in Utah. P1i.D. dissertation. Ut;ih Statr Univcrsity. 

~ Q u o r t r u p ,  E. R .  and R .  L. Sudhcimcr (1942), Rrscnrch notcs on 
botulism in western marsh arcas with recomincnclntiotis for 
control. .h'or/h ..I inn-irorr I 1  *ildlifr Con/rrrncr, Transor lions 7 :2H4 -293. 

"9 Rcinert, R .  E. (1970), Pesticidr concentrations in G r m t  Lakes 
fish. Prs/ir.  J f o n i t .  J .  3(4):233-240. 

1W Risrbrough. R .  I\'., P. Ricche, D. €3. Prak;ill, S. G. l irrni:in,  : ~ n d  
h l .  K. Kirven (I968), Polychlorinated biphcnyls in thc global 
ecosystcm. .A'o/rtrr 220: 1098-1 102. 

691 Rittinghaus, H. (195G), Etwas ubcr dic indirctc vcrbrcitung clrr 
olprst in rinein scc~~ogelscl~utzgcbictc. Or-trilhol ,I!;//. :{(3):4:+-4Ij. 

692 Scrivnrr. L. 1-1. (1946), Esprrimcntal rdrni:i and :iscitrs in poults. 
J .  .4ntrr. V r l .  Afd. :lss. 108:27-32. 

1'3 Sincock, ,John L. (IgGR), Common faults of man:ipiwnt .  Pto-  
rrrrlirrgs r\lorsh Estiroi.~~ A/onogrnrrn/ .5jni/1osi11111. 1,ouisi:in;i St:itc 
Cnivrrsity, ,July, 1967, pp. 222-226. 

b94 Strcrt, .J. C.. F. XI. L'rry, D. J. \\'agstaK, and A. 11. BI:iir ( I I )GE) ,  
Comparative effects of po1ychlorin:itccl biphrnyls ;ind org:ino- 
chlorinc pesticidcs in induction of Iicp:itic inicrosoin;il rnzyinrs. 
.4incric;in Chcniical Society, 158th Nation:il rncr t in~ ,  Sept. 

"STuckrr, K. K.  and 1-1. A. l-laegclc (1970), Esgshcll thinning as 
influrnccd by mcthod of D D T  esposurr. h / l .  / 3 w i i o 1 1 .  C h / o i n .  

*96 \'os. . .  1. G. and ,J. 13. Koemnn (l370), Comp:ir;itivr toxicologic 
study with polychlorinated biphenyls in chickrns with spccial 
refcrcncc to porphyria, edema tormation, iivcr I I C C I . U S ~ J  . t t d  LG.C 
rcsi d 11 rs . 7o.riroi. ..i jjjn!. ,"hiii;xx!. ! ? (3) : 5.55-C.GU. 

6g7 VOS, ,I. G., J.  H. Korlixin, H. L. van der hJaas, A I .  C. t e n  Xorvcr 
de Brauw, and R.  1-1. de \'os (1970): Idcntificntion a n d  tosico- 
logical evaluation of chlorinated dibcnzofuran and chlorin:itcd 
napthalenc in two cornmcrcinl polychlorinatcd biphcnyls. Food 
Cosrirrl. Toxicol .  8:625-633. 

698 \\'cstoo, G .  ( I  3GG), Determination of methylinrrci~ry compounds 
i n  foodstuffs: I. Methylmercury compountls i n  fish, ic1cntific:i- 
tion and deterininntion. :kIu. C/vm. Scond. 20(8):2131-2137. 

bo9 \Vieineyer, S. N. and R .  D. Porter (1970), DDE thins eggshells of 
captive American kestrrls. .A'on(rm 227:737-738. 

8-12. 19FR. 

Tr,x i ro/ .  5 ( 3 ) :  191-1 91. 

References Cited 

Hunter, Brian, pcrsotiol communication, California Dcpartrncnt of Fish 
and Game; unpublished Bureau of Sport Fisheries and \Vildlife 
administrative reports. 

ea Stickcl, unptrhlished data 1972, US. Bureau of Sport Fishrrics and 
\Vildlifc, Patuxent, hlaryland. 

I 



. . 

. . 

I 

Page Page 

. . . . . . . . . . . . .  INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 16 Nutrition and Food Chains 237 
Development of Recommendations . . . . . .  21 7 Effects on the Ecosystem . . . . . . . . . . . . . . .  237 

TECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  219 CATEGORIES OF POLLUTANTS . . . . . . . . . . . .  238 
USES O F  T H E  MARINE SYSTEM TO BE PRO- Food Value for Human Use . . . . . . . . . . . .  237 

THE NATURE OF THE ECOSYSTEM . . . . . . . . . . . .  
Effects of IVater Quality Change on Eco- 

systems . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FISHERIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
h’fARlNE AQUACULTURE . . . . .  . . . . . . . . .  

Application of Water to Aqua- 
culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Bases for Recommendations . . . . . . . . . . . . .  
Radionuclides . . . . . . . . . . .  . . . . . . . . . .  

Recomrncnda tion .................... 
Heavy Metals . . . .  

Recornmcnda tio . . . . . . . . . . . . . . .  
Polych’orinated Bi 

Recommendation . . . . . . . . . . . . . . . . .  
DDT Compounds . . . . . . . . . . . . . . . . . . . . .  

Recommendation . . . . . . . . . . . . . . . . . . . .  
Aldrin, Dieldrin, Endrin, and Heptachlor . . 

Recommendation . . . . . . . . . . . . . .  
Other Chlorinated ocarbon Pesti- 

M A R I N E  \\‘ILDLIfE . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . .  

WASTE CAPACITY OF RECEIVING WATERS . . . . .  

METHODS O F  ASSESSMENT . . . . . . . . . .  
ACUTE TOXICITIES-BIOASSAYS . . . . . . . . . . . . . . .  
BIOANALYSIS . . . . . . . . . .  . . . . . . . . . . .  

Mising Zones . . . . .  

SUBLETHAL EFFECTS . . . . . . . . . . . . . . . . . . . . . . .  
hfigrations . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  
Life Cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Genetic Effects . . . . . .  
Physiological Processes . . . . . . . . . . . . . . . . .  

219 

219 
22 1 
222 

2 24 
224 
225 
226 
226 
226 
226 
226 
226 
226 
227 
227 
227 

22 7 
227 
227 
228 
228 
23 1 
233 
233 
233 
234 . 

235 
236 
236 
236 
236 
236 
237 
237 

214 

TEMPERATURE A N D  HEAT . . . . . . . . . . . . . . . . . .  
INORGANICS. INCLUDING HEAVY METALS AND 

cal and Environmental 
Interactions . . . . . . . . . . . . . . . . . . . . . . . .  

Biological Effects ...................... 
Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Alkalinity or Buffer Capacity. Carbon Di- 

oside. and pH . . . . . . . . . . . . . . . . . . . .  
Recommendation .................... 

Aluminum 
Recommendation . . . . . . . . . . .  

Ammonia . . . . . . . . . . . . . . . . . . .  
Recommendation . . ............. 

..................... 

. . . . . . . . . . . . . . . . . . . . . .  

Barium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Recommendation .................... 

Beryllium . . . . . . . . . . . . . . . . . .  
Recommendation .................... 

Bismuth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Boron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation .................... 

Recommendation .................... 
Cadmium . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation . . 
Chlorine . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation . . . . . . . . . . . . . . .  
Chromium . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation .................... 

Recommendation .................... 
Cyanides . . . . . .  : ...................... 

Recommendation . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . .  

....................... 

Fluorides ............................. 

238 

238 

239 
239 
240 

241 
241 
242 
242 
242 
242 
242 
243 
243 
243 
243 
244 
244 
244 
244 
244 
245 
245 
245 
245 
246 
246 
247 
247 
247 
247 
248 
248 
248 
248 



? 

Recommendation. . . . . . . . . . . . . . . . . . . . 
Iron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation. . . . . . . . . . . . . . . . . . . . 
Lead . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation. . . . . . . . . . . . . . . . . . . . 
Manganese . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommenda tion. . . . . . . . . . . . . . . . . . . . 

Recommendation. . . . . . . . . . . 
Molybdenum . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation. . . . . . . . . . . . . . . . . . . . 
Nickel. . . . . . . . . , . . . . . . 

Recommendation. . . . . . . . . . . . . . . . . . . . 
Phosphorus. . . . . . . . . . . . . . . . . 

Recommendation. . . . . . . . . . 
Selenium. . . . . . . . . . . . . . . . . . . 

Recommenda tion. . . . . . . . . . . . . . . . . . . . 
Silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation. . . . . . . . . . . . . . . . . . . . 
Sulfides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation. . . . . . . . . . . . . . . . . . . . 

Recommendation. . . . . . . . . . . . . . . . . . . . 
uranium.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation. . . . . . . . . . . . . . . . . . . . 
Vanadium. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Recommendation. . . . . . . . . . . . . . . . . . . . 
Zinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Recommendation. . . . . . . . . . . . . . . . . . . . 
OIL IN THE MARINE ENVIRONMENT.. . . . . . .. . 

Sources of Oil Pollution. . . . . . . . . . . . . . . . 
Biological Effects of Petroleum Hydrocar- 

bons ............................... 
Corrective Measures. . . . . . . . . . . . . . . . . . . 

Recommendations. . . . . . . . . . . . . . . . . . . 

....................... 

. . . . . . . . . . . . . . . . . . . . . . . . . .  

- -  . 

Page 

249 
249 
249 
249 
250 
250 
25 1 
25 1 
252 
252 
253 
253 
253 
253 
254 
2 54 
2 55 
255 
255 
255 
256 
256 

256 
256 
257 
257 
257 
257 
257 
257 

0Z.C 
La" 

258 
262 
263 

TOXIC ORGANICS. . . . . . . . . . . . . . . . . . . . . . 
Bases for Recommendations. . . . . . . . . . . . . 

Recommenda tions . . . . . . . . . . . . . . . . . . . 
OXYGEN. . . . . . . . . . . . . . . . . . . . . . . . . . 

Recommendation. . . . . . . . . . . . . . . . . . . . 
RADIOACTIVE MATERIALS IN THE AQUATIC E N -  

Characteristics and Sources of Radio- 
activity. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Exposure Pathways. . . . . . . . . . . . . . . . . . . . 
Biological Effects of Ionizing Radiation. . 
Restrictions on Radioactive Materials, . . . 
Conclusions. . . . . . . . . . . . . 

SEWAGE AND NUTRIENT;. . . . . 
hlagnitude of the Pr 
Oxygen Depletion. . . . 
Excessive Nutrient 
Pathogenic hlicroorga 
Sludge Disposal into 

Potential Beneficial Uses of Sewage.. . . . . 
I)l-ticn?!f fcr E.tab!ishing Rccnmmenda- 

tiens: . . . . . . . . . . . . . . . . . . . . . .  
Recommendations. . . . . . . . . . . . . . . . . . . 

SOLID WASTES, PARTICULATE MATTER, A N D  

OCEAN DUMPING. . . . . . . . . . . . . . . . . . . . . . . . 
Dredge Spoils.. . . . . . . . . , . . . . . . . . . . . . . . 
Sewage Sludges. . . . . . . . . . . . . . . . . . . . . . . 
Solid Wastes.. . . . . . . . . . . . . . . . . . . . . . . . . 
Industrial Wastes. . . . . . . . . . . . . . . . . . 
Other Solid Wastes.. . . . . . . . . . . . . . . . . . . 
Suspended Particulate Materials. . . . . . . . . 

Recommendations. . . . . . . . . . . . . . . . . . . 
LITERATURE CITED. . . . . . . . . . . . . . . . . . . . . . . 

. . . . .  VIRONhlENT . . . . . . . . . . . . . . . . . . 

Recommendat:on . . . . . . . . . . . . . . . . 
. . . . . . . . . 

Deep Sea Dumping.. . . . . . . . . . . . . .  

Parg 

264 
269 
269 
269 
2 70 

2 70 

271 
272 
2 72 
273 
273 
2 74 
2 74 
274 
2 74 
275 
276 
277 
277 
277 

277 
277 

278 
278 
279 
280 
280 
280 
28 1 
282 
284 

t 

215 



The  Panel on Marine Aquatic Life and IVildlife took as 
its prime responsibility the development of recommenda- 
tions that would reasonably assure protection of the marine 
ecosystem. The  recommendations have been discussed a t  
various meetings of the members of the Panel and represent 
a consensus on the best statement that can be made in the 
light of present knowledge. The  recommendations are not 
;LIIIL.\IIJLL allu rrtay iJL ~ ~ ~ U U I L I L U  as oiii iiiidcr>iaiidiiig, UT tile 
marine ecosystem improves. 

Many parts of the marine ecosystem do not meet the 
quality requirements recommended here. A s  a result of 
man's activities, the marine ecosystem has been greatly 
modified; many species are escluded from areas where they 
were once abundant, and many areas have been closed for 
the harvestin: of marine products as human food because 
of pollution. The  decision as to what part, and how much, 
of the marine ecosystem should lie protected for normal 
aquatic life and wildlife has political, social, and economic 
aspects, and such decisions cannot be based upon scientific 
evidence alone. .-Uthough some marine pollution problems 
are local in character, many are global and only the liroad- 
est possible approach can solve these problems. Food from 
the sea is already an important source of animal protein for 
human nutrition, and this continuing supply must not be 
diminished ti? pollution. 

At the same time, the Panel recognizes that additions of 
pollutants to the oceans as by-products of our present mode 
of living will continue. But if pollution is kept within the 
boundaries and constraints which are defined in the recom- 
mendations, the Panel believes that the marine ecosystem 
can be protected. 

In  many \\.ays the marine ecosystem is similar to the 
freshwater, but there are significant differences which 
should be briefly described. For more details which sum- 
marize the estensive literature on this'subject, the reader is 
referred to Tfie Ocpans by Svcrdrup, et al. (1942)'j,* The Spa, 
, . , a L L L u L a t L )  ,'uLutuc 2 cdiiccl by ht.  N. iiiii <i%%j,: ana  
Estuaries, edited by G. H. Lauff (1967).' 

. - ~ - . . : L I -  - - J  L =  - - - I : c = A  

---..-.. l - . . l - .  . . - I  

* Citations are listed at the end of the Section. They can be located 
alphabetically within subtopics or by their superior numbers which 
run consecutively across subtopics for the entire Section. 

The  marine environment is a significant source of animal 
protein with an annual production of about 60 million tons 
fresh weight of fisheries products (Food and Agriculture 
Organization 1967).* Various estimates of the potential ex- 
pansion of this harvest have been made and are summarized 
by liyther ( 1969)5 \vho concludes that the potentiat harvest 
might double this figure. Some of the esisting stocks are 
aiready fished to capacity or overfished, but aquaculture 
(pp. 222-224) may increase world marine production. 

The importance of this supply of animal protein to the 
world population has been emphasized by Borgstrom 
(196l).l He  estimates that more than two billion people of 
thc ~ o r l d ' s  population receive 50 per cent or more of their 
animal protein from marine products. In the United States 
fish contributes only about 5 per cent of our animal protein 
consumption, but even so i t  has been estimated by Pruter 
( ~ 0 1 / n ~ 6 ~ i s / ~ ~ d  1 972)s that over ten billion pounds of commercial 
fish and shellfish were harvested from the estuaries and con- 
tinental shelf of the United States i n  1970. Furthermore, in 
the United States a great deal of fishmeal is used to fortify 
animal feeds, particularly for chickens. I t  is obvious that 
this \,aluable food resource of the marine environment must 
be sustained. 

The  estuaries are regions where the impact of man's ac- 
t ivi ty  is greatest, and they are also areas of great value for 
marine fish production. They serve not only as nursery 
areas and Iirecding grounds for many species of fish, but 
also as the regular home for the entire life cycle of some 
valuable species, such as oysters and crabs. Sykes (1968)7 has 
estimated that 90 per cent or more of the commercial catch 
of finfish in some geographical regions of the United States 
consists of estuarine-dependent species. The estuarics are 
the most variable regions of the marine ecosystem (see pp. 
219-221) and organisms which inhabit them are esposed to 
estreme variations. Since these organisms survive, they are 
obviously adapted to the stress imposed by these variations. 
Uuring the tidal cycle, a sessile organism wi l l  be esposed to 
variations in temperature and salinity as the tide ebbs and 
flows. O n  a seasonal basis, because of variations in river 
flow, organisms a t  a fised location may be esposed to fresh 
water during flood periods or to nearly undiluted sea water 
during droughts. The  oscillatory nature of the tidal cur- 

- 
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rents can also lead to an accumulation of pollutants within 
an estuary, as is discussed in the section on waste capacity 
of receiving waters (pp. 228-232). 

Migratory fishes must also pass through estuaries in order 
to reach their breeding grounds. Anadromous fishes, such 
as the alewife, salmon, shad, and striped bass, move up- 
stream to breed in the highly diluted seawater or in fresh 
water. In contrast the catadromous species such as the eel 
spend their adult stages in fresh water and migrate down- 
stream in order to breed in the open sea. Conditions within 
the estuaries should be maintained so that these seasonal 
breeding migrations are not interfered with. 

The  conditions in the coastal waters are less variable than 
those in the estuaries, but in temperate regions, the seasonal 
range of conditions can be considerable. The  coastal waters, 
particularly in areas of upwelling, are the most highly pro- 
ductive parts of the marine environment and have been 
estimated by Ryther (1969)5 to produce half of the potential 
marine fish production, even though the); constitute only 
0.1 per cent of the total area of the oceans. The  coastal 
zones, including near shore areas of high production such as 
fishing banks, constitute 9.9 per cent of the area of the ocean 
and contribute nearlj. half of the \vorld fish production. In 
tropical waters, the seasonal variation in conditions is less 
extreme than in temperate waters. Ho\vever, as will be 
discussed in the section on temperature (p. 238)  many 
tropical species are living near their upper extreme tempera- 
ture during the summer, and this fact presents considerable 
problems in the disposal of waste heat in tropical areas. 

The  open ocean constitutes 90 pcr cent of tlie area of the 
world ocean and is the least variable of the marine en\ won- ' 

ments. The deep sea produces only a minor fraction of the 
\vorld's fish production, and this consists mainly of tlie large 

L t I L  J L L l  CC..LU. r ,  I :!>e ~.v!i~!e h i r v ~ s t  was siutxtantially 
greater than i t  is a t  present, but the whales captured \vert 

not as effectively utilized as thcy are in modern whaling 
methods. R4any species of \\hales were grossly over-fished, 
and there is considerable question today whether some of 
these spccics can recover their original population sizes even 
in those cases \vlicre a complete moratorium on their cap- 
ture is in cfTect. 

The  waters of the deep sea lielow the permanent thermo- 
cline (the depths below which seasonal temperature changes 
do not occur) constitute the largest and most constant en- 
vironment on earth. During the history of modern ocean- 
ography, which covers the last century, no significant 
chaiigcs in either salinity or temperature of tlie deep sea 
have been observed, the organisms living in this abyssal en- 
vironment having evolved under conditions which were 
presumably constant for millenia. T o  protect the coastal 
environment many proposals h a w  been made to dump ma- 
terials, such as solid waste, sewage sludge, and contaminated 
drege spoils in the deep sea. Since the organisms inhabiting 
the depths of the ocean have been exposed to a constant 

pelagic ~ ~ i - i i ~ ~ ; ~ i - c ;  ydch 2; !kc (p.yc!:c: T&rincr 
"'0 
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environment, they are not accustomed to unusual stresses 
Hhicli might be created by such dumping operations (see 
pp. 278-283). Consequently, dumping of organic wastes in 
the deep sea is not recommended (pp. 277, 282-283). 

Development of Recommendations 

In  most cases, recommendations are not applicable to 
every local situation. The  marine environment varies 
widely, and only an understanding of local conditions \vi11 
make it possible to determine what can or cannot be added 
in each situation. Man); materials are accumulated b y  
marine organisms, and the concentration is often increased 
at higher levels of the food web. \,Vith substances that are 
toxic and persistent, it is the concentration in the highest 
predators, fish or birds, that is critical. One  esaniple is 
DDT and its derivatives which have accumulated in birds to 
levels that interfere with their breeding. hlaterials that de- 
compose or are otlier\vise removed from the marine en- 
vironment present lesser hazards. 

The  application of any recommendation to a local situa- 
tion is unique because it requires (a) an understanding of 
tlie circulation of the water and the resultant mixing and 
dilution of the pollutant, (11) a knowledge of the local liio- 
logical species in the environment and tlie identification of 
those that are most sensitive to the pollutant tieing con- 
sidered, and (c) an evaluation of tlie transport of the ma- 
terial through tlie food web because of the possibility that 
the pollutant may rezch concentrations hazardous either to 
tlie normal aquatic species present, or to man through his 
use of aquatic species as food. 

The  normal cycle of variation in the environment of many 
substances or conditions that occur naturally,. such as osy- 
Zen, temperature! and nutrients, must be determined before 
decisions can be made as to possible permissible changes. In  
many estuaries and coastal waters "normal" conditions 
have been modified by man's activities and may already 
have changed to the estent that some species that might 
have been found at earlier times have been eliminated. In  
some circumstances, a recommendation may not br applic- 
able Ixcause it may I x  necessary to specify no additional 
change he!.ond that which has already occurred. There is 
no gcnerally applicalile formula for recommendations to 
protect marine aquatic life and wildlife; a study of local 
environmental conditions is essential prior to application of 
the recommendations. 

The  Panel recognizes that what can or should be done in a 
given situation cannot wait for the completion of time- 
consuming studies. The  degree of protection desired for a 
givcn location involves social and political decisions. The  
ecological nature an'd quality of each water mass proposed 
for modification must be assessed prior to any decision to 
modify. This requires appropriate information on the physi- 
cal and chcinical characteristics, on the distribution and 
abundance of species, and on the normal variations in these 
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attributes over the annual cycle. In addition, there must be 
sufficient knowledge to permit useful prediction of the sig- 
nificant effects of the proposed pollutant on the stages in the 
life cycle of important species, on populations, and on the 
biological communities present. The possible impact of that 

pollutant upon the ecosystem can then be assessed. These 
subjects are covered in greater detail in other parts of this 
Section, but they are mentioned here to emphasize their 
primary importance in determining how the recommenda- 
tions should be used in local situations. 
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USES OF THE MARINE SYSTEM TO BE PROTECTED 

Coastal marine waters serve a wide variety of excep- 
tionally important human uses. Many of these uses produce 
high local benefits such as the yield of shellfish and recrea- 
tional activities. Others involve regional benefits or the 
global unity of the marine system, since local events influ- 
ence, and are influenced by, water quality a t  distant points. 
Many of the human uses of marine waters are directly de- 
pendent upon the nature and quality of the biological, 
chemical, and physical systems present. Efforts to protect 
and enhance these uses will be limited principally by our 
ability to understand and protect the environmental condi- 
tions which are essential for the biota. 

Water quality criteria for marine aquatic life and wild- 
life define the environmental requirements for specified 
uses. Five of these are discussed in this Section, namely, 
maintenance of the ecosystem; fisheries; aquaculture; wild- 
life protection; and waste disposal. These are not sharply 
separable, but the water quality requirements for each use 
are briefly summarized. The effects of transportation, harbor 
development, dredging and dumping of spoils have also 
been considered in deveioping tne recommendaiiolls. 

NATURE OF THE ECOSYSTEM 

Many of the principal human uses of marine waters de- 
pend upon successful maintenance and enhancement of the 
existing ecosystems or, in a few circumstances, upon creating 
and continuing new and artificial ecosystems for specific 
purposes. The  ecosystem includes all of the biological and 
non-biological (geological, physical, and chemical) com- 
ponents of the environment and their highly complex inter- 
actions. Studies of ecosystems must include all that is within 
the body of water as well as the imports to and exports from 
it. Research in such situations has shown that the biotic ele- 
ments include producers of organic material, several levels 
of consumers, and decomposers. In the least complex situa- 
tion, these act at  rates controlled by the abiotic factors to 
transfer energy and recycle materials. In those aquatic en- 
vironments which continuously or intermittently exchange 
large quantities of energy or materials with other parts of 
the total global system, understanding and 'management 

become more difficult. In the marine environment imports 
and exports continually occur from coastal runoff, tidal 
action, oceanic currents, meterological actions, and ex- 
changes with adjacent water bodies or with the benthos 
and atmosphere. These exchanges are only partially under- 
stood, but it is clear that each marine site is connected inti- 
mately to the rest of the oceans and to total global 
mechanisms. 

The estuaries are in many ways the most complicated 
and variable of aquatic ecosystems. Materials carried from 
the land by rivers vary in quantit). and qualit!., sometimes 
with strong seasonal patterns of high biological significance. 
Tidal oscillations cause vigorous reversals of flow. Inherent 
hydrographic patterns can lead to accumulation of materials 
and to upstream transport from the point of addition. Dcnse 
urban populations on the shores of estuaries produce large 
amounts of waste, and engineering projects h a w  changed 
the boundaries and flo\vs of water courses. The biologically 
rich estuaries are the most variable and the most endangcrcd 
part of the marine environment. 
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the components, forces, and processes present. Some of these 
are small or transitory, but others are massive and enduring. 
If any one of these forces or processes is changed, a new 
balance is produced in the system. Relative stability, there- 
fore, results from the balancing of forces, not the absence. 
The biota are the product of evolution, and each ecosystem 
contains those species and communities which have adapted 
to the specific environment over a long period of time and 
which are successful in that environment. Drastic and rapid 
modification of the environment, as by pollution, may 
eliminate some species and encourage others in ways which 
can reduce the value of the ecosystem for man's use or 
enjoyment. 

Effects of Water Quality Change on Ecosystems 

The introduction of a chemical compound or a change in 
the physical environment may affect a natural marine eco- 
system in many ways. In coastal waters undisturbed for long 
periods of time, the ecosystem has adjusted to the existing 
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conditions. The  system is productive, species are diverse, the 
biomass is high, and the flow of energy is comparatively 
efficient. The  addition of pollutants to such a system might: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

reduce the input of solar energy into the ecosystem; 
increase the input of organic matter and nutrients 
which might stimulate the growth of undesirable 
species ; 
reduce the availability of nutrients by increased 
sorption and sedimentation; 
create intolerable physical extremes for some orga- 
nisms, as by the addition of heat; 
kill or reduce the success of individual organisms, 
as by lethal toxicity or crippling with oil; 
eliminate species by adding a toxic material or mak- 
ing an essential element unavailable; 
interfere with the flow of energy from species to 
species,.as by a chemical that interferes with feeding 
behavior; 
reduce species diversity in the system; 
interfere. \v i th  regenerative cycling by decomposers; 

or disruption of the processes of ecosystems; 
increase biomass by removing important consumers 
allowing runaway production of other species. 
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All of these may involve changes in production and 
lowered human usefulness of the system. These are ex- 
amples; additional effects can occur. The specific impacts 
of pollution at  a site can he determined only through long- 
term study of that portion of the ocean and the changes that 
occur. 

I t  is clear that man, through his numbers and his actions, 
is having increasingly pronounced effects on organisms, 
populations, and entire ecosystems. Many people willingly 
accept the consequences of advanced technology that are 
markedly deleterious, but most people become alarmed 
when an entire large ecosystem undergoes transformation. 
When society recognizes that catastrophe threatens due to 
its carelessness, it seeks to rearrange its demands on such 
ecosystems in ways that can be accommodated within the 
inherent capacities of the system. T o  provide adequate an- 
swers we need understanding of ecosystems, since knowledge 
at the species and population levels, however defined, will 
be too limited in scope to answer the questions that arise a t  
the more highly organized level of the ecosystem. 

The  study of the effects of pollution on ecosystems may 
be undertaken by considering pollution as an additional 
stress on the mechanisms that keep ecosystems organized. 
Unless the living parts of an ecosystem are already under 
stress, the early effects of the introduction of toxic pollu- 
tants may contribute to the extinction of particularly sus- 
ceptible species leaving the more resistant forms in a less 
diverse community. In  communities already under stress, 
relatively low levels of pollution may cause the disruption 
of the communities. 

Estuaries and intertidal regions are naturally exposed to 
stressful conditions. In  the estuaries the ebb and flow of the 
tide and the fluctuating freshwater flow create changes in 
salinity on various time scales ranging from hourly to 
seasonally. In  the intertidal zone the normal inhabitants are 
exposed to air during part of each tidal cycle. They are also 
subjected to vigorous wave actions on exposed beaches and 
headlands. Unique assemblages of organisms have evolved 
which manage to survive these rigorous conditions if waters 
remain unpolluted. 

Pollutants are commonly released into such aquatic eco- 
systems of high natural variation in their nonliving compo- 
nents, and the rate of pollutant discharge usually varies 
from time to time. The  immediate effect of these conditions 
is that at any fixed point in the habitat the concentration of 
a pollutant varies markedly with time, but not in such a way 
that a community can adapt itself to these variations. The  
result is that short-lived opportunistic species are likely to be 
favored in areas subject to variable aquatic pollution. 

Any single toxicant may be equally virulent towards long- 
lived or short-lived species in the normal aquatic commun- 
ity. Except at outfalls where toxicants reach lethal concen- 
trations, as in continuous discharges in stable environments, 
toxicants act discontinuously through time. Where water 
mass instabilities are such that poisonous concentrations 
occur on the average of once a week, for instance, it is pos- 
sible for organisms with much shorter life spans to flourish 
briefly with large population fluctuations. Where they occur 
once a month, a community may evolve rapidly through a 
successional sequence involving a few longer-lived organisms 
before the next toxic concentration occurs. \Vhere lethal 
dosages are as infrequent as once a year, the succession may 
go to the stage of some fish of medium life span, particularly 
if access to the area is relatively free. Because of the fluctua- 
tions with time, the community nearest an outfall is most 
primitive from a successional viewpoint, and as distance 
from the outfall increases, there is a successional gradient 
toward the usual climax community of an unpolluted 
environment. 

Evaluation of the effects of pollution or of other environ- 
mental changes on the ecosystem involves studies of bio- 
logical production, species diversity, energy flow, and 
cycling of materials. The  process may be complicated by 
massive imports and exports at  any one site. Although 
pathways of energy flow and efficiencies are not yet com- 
pletely understood, they offer a unifying approach to these 
problems such as proposed by Odum (1967," 197113). 

Species diversity is a useful attribute of biological systems. 
Diversity is affected by a number of factors as evidenced 
by the papers presented at a symposium on Diversity and 
Stability in Ecological Systems (Brookhaven National 
Laboratory 1969),'0 as well as other symposia (American 
Society of Civil Engineering and Stanford University 1967,' 
Olson and Burgess 1967,14 NAS-NRC Committee on Ocean- 
ography 1970," Royal Society of London 197 1 Is) .  Some SUC- 
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cess has been achieved in the use of diversity measurements, 
however, and their potential for future use is high. (See the 
discussion of Community Structure in Section I11 on Fresh- 
water Aquatic Life and M'ildlife and in Appendix 11-B.) 

There are potentials for managing additions to coastal 
ecosystems in ways that benefit human uses. These are as 
yet poorly understood, and efforts to utilize waste heat, 
nutrients and other possible resources are primitive. Such 
possibilities merit vigorous exploration and, eventually, 
careful application. 

FISHERIES 

Major marine and coastal fisheries are based upon the 
capture of wild crops produced in estuaries, coastal waters, 
and oceans. The quantity and quality of the available sup- 
ply of useful species are controlled by the nature and effi- 
ciency of the several ecosystems upon which each species 
depends for its life cycle. Shad, for instance, depend upon 
freshwater areas at the head of estuaries for spawning and 
for survival as eggs and larvae, open estuaries for the nutri- 
tion of juveniles, and large open coastal regions for growth 
and maturation. As do many other species, shad migrate 
over large distances. Serious pollution at  any point in the 
lower rivcr, the estuary, or the inshore ocean might, there- 
fore, break the necessary patterns and reduce the fishery. 

Estuaries have exceptional usefulness in support of fish- 
eries. At least three quarters of the species in the commercial 
and recreational fisheries of the nation are depcndent upon 
the estuarine ecosystem at one or more stages of their life 
history. Estuaries are used as obligatory spawning grounds, 
nursery areas, havens from parasites and predators, and as 
rich sourc.es of food because of high productivity. 

American fisheries exploit several levels of the coastal 
ecosystem. We do not utilize the plants, the producers, 
directly as food or in commerce cscept for a comparatively 
small harvest of kelp and other seaweeds. The  primary 
consumers, however, are extensively utilized. These include 
oysters, clams, mussels, and vast quantities of filter-feeding 
fish such as sardines, anchovies, menhaden, and herring. 
Second and third level consumers, which are less abundant 
but frequently more desired than plankton feeders, include 
most of our sports fish and major commercial species such 
as tuna, striped bass, cod, halibut, and sea trout, as well as 
squid, sharks, and other species which hold potential for 
increased future use. 

Pollutants can be detrimental to fisheries by reducing 
desired species through direct mortality from toxicity, 
smothering, intolerable heat, or other killing changes. Re- 
duction may also occur when a pollutant has a sublethal 
stressing effect that significantly interferes with feeding, 
movement, reproduction, or some other essential function. 
Pollution has an indirect deleterious effect when it increases 
predators or parasites, reduces food organisms or essential 

consorts, or damages the efficiency of the ecosystem func- 
tions pertinent to the species in question. Consideration of 
all these occurrences must enter into efforts to protect and 
enhance fisheries. 

Pollutants also damage marine organisms by imparting 
characteristics that make them unacceptable for commercial 
or recreational use. Economic loss has resulted from flesh 
tainting of fish and shellfish by oil, phenolics, and other ma- 
terials affecting taste, flavor, or appearance. D D T  and other 
persistent organics, applied on land, have accumulated in 
fish to levels that exceed established standards for accept- 
able human food. Heavy metals, e.g., mercury, can reach 
levels in fish several thousand times the concentration in the 
ambient water, destroying the economic value of the orga- 
nisms involved. 

More than 90 per cent of the American commercial 
catch and virtually all of the sport fish are taken from the 
estuaries and continental shelf. The  total yield is difficult to 
estimate, involving as it does migratory species, catches by 
both foreign and domestic vessels, and recreational fisheries 
which are only partially measured. Stroud (1971)26 esti- 
mated that the estuarine-dependent fishery of the Atlantic 
coast yields 535 pounds per acre of estuary for a total annual 
yield of 6.6 X lo9 Ibs. He concludes that shrinking of estu- 
aries by filling or other destruction would reduce the yield 
by a directly proportional quantity. Further, he predicts 
that reduction of the productivity of estuaries by pollution 
would also produce a proportional decrease in fish produc- 
tion. The U.S. commercial fisheries of largest volume, in 
order of decreasing harvest, include menhaden, salmon, 
shrimp, crabs, herring, and oysters (Riley 1971).24 The most 
valuable commercial harvests include shrimp, salmon, lob- 
sters, crabs, menhaden, oysters, clams, flounders, and scal- 
lops (Riley 1971).2' 

The estuaries, as recipients of wastes both irom rivers 
entering them and cities and industries along their shores, 
are obviously more immediately susceptible to pollution 
damage than any other part of the marine system (Clark 
1 967,l8 American Society of Civil Engineering and Stanford 
University 1967,16 U S .  Dept. of Interior 1969,27 and U.S. 
Dept. of Interior, Fish and Wildlife Service 197OtS). Al- 
though the vulnerability of such inshore bodies of water to 
physical and chemical damage is exceptional, the open 
waters along the coast are also subject to damage from the 
use of thcsc waters for waste disposal. Approximately 250 
waste disposal sites are in use along the coast of the United 
States, and 48 million tons of wastes are estimated to have 
been dumped in 1968 (Council on Environmental Quality 
1970).19 These dumped wastes included dredge spoils, in- 
dustrial wastes, sewage sludge, construction and demolition 
debris, solid wastes, and explosives (see pp. 278-283 of this 
Section for a more extended discussion of dumped wastes). 
Increased populations and technological concentration 
along the coasts, with simultaneous resistance to the use of 
land, rivers, and estuaries for disposal has stimulated pro- 
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posais to increase the use of oceanic areas as receivers of 
wastes . 

The effects of such coastal disposal on fisheries are not yet 
clearly established. Bechtel Corp. (1969)" has suggested 
that continued expansion of waste disposal along the At- 
lantic coast at the present rate of increase may, in about 30 
years, significantly reduce the quality of water over the 
continental shelf by increased suspended solids, phosphate 
or nitrate enrichment, oxygen demand, heavy metals, or 
simultaneous effects from all of these. Preliminary studies of 
the effects of dumping of sewage sludge and dredging spoils 
from the metropolitan New York area indicate that an area 
of about 20 square miles has been impoverished by reduc- 
tion of normal benthic populations; and indirect effects may 
be far more extensive (Pearce 1970).23 

More general approaches to disposal of wastes in ocean 
waters have been presented by Foyn ( I965y0 Olson and 
Burgess (1 967)%, NXS-NRC Committee on Oceanography 
( I  970)21 and the Royal Society of London (1 97 Some 
discernible and disturbing changes in coastal waters are 

standing of pollution effects at  the edge of the oceans. The  
limitation that must be placed upon any such releases must 
be learned and put to use quickly, and we should proceed 
carefully while we are learning. 

Fisheries provide useful indications of the biological 
health and productivity of marine waters. Continuous high 
yield of a harvestable crop of indigenous fish or shellfish 
free of toxicants or pathogens is an indication that water 
quality is satisfactory, that the environmental conditions are 
favorable for the total biological community, and that no 
contaminant is present in suflicient quantity to destroy 
major components of the ecosystem. Fisheries production 
statistics can thus serve as a sensitive indicator of environ- 
mental quanity. 

Specific criteria for categories of pollutants will be given 
in subsequent parts of this Section. The general require- 
ments for water quality in relation to successful fisheries 
include: 
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o favorable, not merely tolerable, environmental con- 
ditions at  every location which is required in the life 
history of each species: this places special value on 
water quality of estuaries which are obligate en- 
vironments for many species during at  least some 
portion of their life cycles; 

o freedom from tainting substances or conditions where 
useful species exist, including elements and com- 
pounds which can be accumulated by organisms 
to unacceptable levels; 

o absence of toxic conditions or substances wherever 
useful species occur at  any time in their life history; 

o absence of sublethal deleterious conditions which 
reduce survival and reproductive success; 

0 water siifkient to maintain the health of the bio- 
logical systems which support useful species; 

o absence of environmental conditions which are ex- 
ceptionally favorable to parasites, predators, and 
competitors of useful species. 

MARINE AQUACULTURE 

Although often considered a new approach to the world, 
food problem, aquaculture is an  ancient practice in many 
parts of the world. In the Orient, aquatic organisms have 
been successfully cultivated for centuries, usually with 
rather primitive and empirical techniques, but nevertheless 
with impressive success. 

The  annual world production of food through aquacul- 
ture has recently been estimated at  over four million metric 
tons, about 6.5 per cent of the total world fish landings. Al- 
though this is derived largely from fresh water, and open- 
ocean maraculture is in its infancy, an unknown but signifi- 
cant fraction of the production is brackish-water organisms 

freshwater and marine aquaculture is quite artificial. Be- 
cause the principles, techniques, potentials, and environ- 
mental requirements for growing organisms in either fresh 
or salt water are much the same, the distinction is also un- 
necessary for the purposes of the present discussion, except 
as noted below. 

It  is dinicult to assess the potential yield from marine 
aquaculture, dependent as it is on a primitive art under- 
going rapid technological development. The introduction 
of present methods into new, undeveloped parts of the world 
could at  least double the present harvest within the nest 
decade. Judging from the experience in agriculture and 
terrestrial animal husbandry, much greater increase in 
yields should presumably be possible with advances in such 
fields as genetic selection and control, nutrition, habitat 
management and elimination or control of disease, preda- 
tion, and competition. I t  is not inconceivable that the yield 
from aquaculture might one day surpass that from the 
harvest of wild, untended stocks of aquatic organisms. Fur- 
ther, since only the most desirable species are selected for 
aquaculture, both the economic and nutritional value per 
pound of cultivated organisms greatly exceeds that of the 
average fishery product. In  the United States, expanded 
recent interest in coastal aquaculture will hopefully pro- 
duce new techniques, products, and quantities, although 
economic feasibility has been dificult to achieve thus far. 

Although no firm distinction can be drawn, it is conveni- 
ent to think of most forms of marine aquaculture in one of 

infensive culture. In extensive culture, animals are reared at  
relatively low densities in large impoundments, embay- 
ments, or sections of estuaries, either natural or man-made. 
The  impoundments may be closed off or open to the sea, 
depending upon the desired degree of control, but even 
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those that are enclosed must be located near a source of 
seawater so that the water may be exchanged frequently 
to prevent stagnation and to regulate such factors as tem- 
perature and salinity. Such exchanges are accomplished by 
tidal action or by pumping. 

The cultivated animals may be stocked or may consist of 
natural populations that enter the system as larvae or 
juveniles. They are usually not fed but subsist on natural 
foods that grow in the area or are carried in with the outside 
seawater. 

Extensive aquaculture systems are most common in the 
undeveloped parts of the world (e.g., Southeast Asia) where 
large areas of coastal mangrove swamps, marshes, and estu- 
aries are available and are not presently in use or demand 
for other purposes. For example, it has been estimated that 
there are over six million acres of'mangrove swamps in 
Indonesia alone that would be suitable for some form of fish 
farming. 

In  such coastal impoundments, milkfish, mullet, shrimp, 
and other free-swimming species are grown. In the more 
open situations such as embayments and arms of estuaries, 
non-fugitive organisms are cultivated. The oldest and most 
highly-developed form of marine aquaculture practiced in 
the United States and Europe, that of oyster culture, falls 
into this category. Seaweed culture in Japan and China is 
another interesting example of this general approach to 
aquaculture. 

Yields from extensive aquaculture range from a few hun- 
dred pounds to, at  best, about one ton per acre per year. 
Little, in some cases almost no, capital investment is re- 
quired, and it is not a labor-intensive form of enterprise. 
One or two unskilled laborers can manage 100 acres or 
more of shrimp or milkfish ponds in Malayasia or the 
Philippines except durin5 stocking and harvesting opera- 
tions. This is normally a highly profitable form of business 
to the culturist and, despite the modest yields, extensive 
aquaculture is capable of making a significant contribution 
to the protein nutrition of many of the undeveloped parts 
of the world. 

Intensive aquaculture makes use of flowing-water sys- 
tems using flumes or raceways and is best typified by trout 
and salmon hatcheries that have been operated successfully 
in the United States and Europe for many years and have 
now reached a relatively high level of technical sophistica- 
tion. Although originally designed to produce fish to be 
stocked in natural waters to enhance commercial or sports 
fishing, such systems are now being increasingly used for the 
production of fish to be marketed directly as food. Such 
systems were originally developed and used exclusively for 
rearing freshwater species, but they are now also finding 
application in saltwater areas for the production of marine 
or anadromous species. 

A variation of the raceway system of intensive aquacul- 
ture is that of floating cage culture in which the animals are 
held in nets suspended by a floating wooden framework. 

These may be moored in estuaries or other protected arms 
of the sea, where they are exposed to strong tidal currents. 

A common feature of the various kinds of intensive aqua- 
culture is that the animals are grown closely packed at  ex- 
tremely high densities and depend upon the flow of large 
volumes of water over and around them to provide oxygen 
and carry away wastes. When feasible, the animals are fed 
artifically on prepared, pelletized food. The entire system 
must be carefully controlled and monitored. 

Intensive aquaculture systems for the commercial pro- 
duction of food are in an early stage of development and 
have yet to prove themselves as profitable and reliable for 
marine species. Rapid progress is being made in this area, 
however, particularly in highly developed parts of the world 
where technological skill is available, where coastal marine 
areas are scarce and in high demand, and where the price of 
luxury seafoods is escalating. Various species of molluscs, 
crustaceans, and finfish are now being grown in this way, 
and many more are likcly candidates as soom as funda- 
mental aspects of their life history and nutrition are 
mastered. 

The yield from intensive aquaculture per unit of area in 
which the organisms are grown is ecologically meaningless 
(as is that from a cattle feed-lot, for example) but amounts 
to as much as hundreds of tons per acre. hIore realistically, 
the yield from such systems may be expressed per cubic foot 
per minute of water flowing through it, which is usually the 
limiting factor. 

In contrast to extensive aquaculture, intensive systems 
usually require high capital outlay and have a relatively 
high labor demand. Profits or losses are determined by small 
differences in the costs of food, labor, marketing, and the 
demand for the product. 

Both extensive and intensive forms of aquaculture are 
heavily dependent on high quality water to sustain them. 
Neither is independent of the adjacent coastal marine en- 
vironment. Extensive pond culture may be semi-autono- 
mous, but as explained above, the water must be occasion- 
ally and sometimes frequently exchanged. Intensive aqua- 
culture systems are vitally dependent on a continuous large 
supply of new seawater. Because of the large investment 
and, at  best, small margin of profit, and because of the dense 
populations of animals maintained at  any one time, inten- 
sive aquaculture represents a far greater risk. 

Freshwater aquaculture systems, if strategically located 
near an adequate source of underground water, may be 
largely independent of man's activities and relatively free 
from the threat of pollution. This, unfortunately, is never 
quite true of marine aquaculture. The  contiguous oceans of 
the world circulate freely, as do the substances man adds to 
them. While water movements may be predicted on large 
geographical and time scales, they are quite unpredictable 
on a local and short-term basis. An embayrqent or estuary 
whose shores are uninhabited and which may suffer no ill 
effects from the surrounding land may suddenly become in- 
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fused with materials added to the water hundreds of miles 
distant and carried to the scene by winds, tides, and coastal 
currents. I n  this sense, marine aquaculture is not only more 
vulnerable to change than freshwater culture, but the dan- 
gers are also far less predictable. 

Application of Water Quality to Aquaculture 

The various toxic or otherwise harmful wastes that man 
adds to the coastal marine environment affect cultivated 
organisms much the same as they do  the natural popula- 
tions of the same species. These are discussed in detail else- 
where and need not be repeated here. In general the 
deleterious effects of wastes on organisms that are used as 
food by man are: ( I )  to kill, injure, or interfere with the 
growth or other vital functions of the organisms, or ( 2 )  to 
become concentrated in the organisms to such an extent as 
to render them unfit for human consumption by exceeding 
public health standards or by making them unpalatable. In  
the latter case, this may occur with no apparent accompany- 
ing impairment of the organism. 

Certain aspects of aquaculture, particularly the intensive 
forms of culture described above, are partitularly sensitive 
and vulnerable to various kinds of pollution-more so than 
their freeliving counterparts in nature. These are enumer- 
ated and discussed briefly below. 

o The carrying capacity of intensive aquaculture sys- 
tems is based on the flow of water and its supply of 
oxygen. If the concentration of oxygen in the water 
suddenly decreases due to an organic overload, a 
temperature increase, or other external causes, it 
may be inadequate to support the cultivated 
animals. 

0 Captive organisms cannot avoid localized unfavor- 
able conditions (e.g., oxygen, temperature, turbid- 
ity) as can free-swimming natural populations. 

0 Many organisms can tolerate alterations in their 
environment if they are allowed to adapt and be- 
come acclimated to such changes slowly. Cultivated 
organisms may be, and often are subjected to sudden 
changes in water quality and cannot endure the ini- 
tial shock, while the free-swimming natural popula- 
tions can enter an affected area slowly and cautiously 
and allow themselves to adapt to the altered 
conditions. 

0 Cultivated organisms, particularly in the densely- 
crowded conditions of intensive aquaculture, may be 
and perhaps always are under rather severe physio- 
logical stress. Artiticial diets are often incomplete or 
otherwise unbalanced. Unnaturally crowded living 
conditions may cause hormonal or other biochemical 
imbalance. The  animals may already suffer the ef- 
fects of poor water quality from their own pollutants. 
They are therefore particularly susceptable and vul- 

nerable ' to any additional deterioration in water 
quality that may increase their stress condition. 

o Disease is a spectre that perpetually haunts the aqua- 
culturist. Virtually impossible to avoid or eliminate 
in any open system, it is usually, a t  best, held in 
check. Again, the additional stress caused by a de- 
terioration in water quality, while not fatal in itself, 
may lower the resistance of the cultivated animals to 
epidemic disease. 

o Artificially-fed cultivated organisms may be no less 
susceptible to accumulation of wastes, although in- 
tensively cultivated organisms that are fed entirely 
on an artificial diet would appear to have one ad- 
vantage over natural populations of the same animals 
living in polluted waters. Many toxic substances such 
as chlorinated hydrocarbons may reach toxic or un- 
acceptable levels in larger organisms because of 
concentration and amplification a t  each successive 
step in the food chain that ultimately supports the 
animal in question. However, there is increasing 
evidence that these substances also enter fishes and 
other organisms directly from solution in the water, 
across respiratory or digestive membranes. Such 
direct absorption of toxic material may in some cases 
exceed the quantities ingested and assimilated with 
food. 

Therefore, the general recommendations for the quality 
of water for use in culture include: (1) continuously ade- 
quate control of those materials and conditions which are 
required for good health and efficient production of the 
cultured species; ( 2 )  absence of deleterious chemical and 
physical conditions, even for short or intermittent periods; 
(3) environmental stability; and (4) prevention of introduc- 
tion of diseases that attack the organisms under culture. 
The specific requirements for each culture effort must be 
with reference to the species involved, the densities desired, 
and the operational design of the culture system. 

MAKINE WILDLIFE 

Marine wildlife for the purposes of this Section is defined 
as those species of mammals, birds, and reptiles which in- 
habit estuaries or coastal and marine waters for at  least a 
portion of their life span. The fish, invertebrates, and plank- 
ton that constitute the food webs upon which these species 
depend are not, therefore, considered to be wildlife in this 
context. The recommendations for marine wildlife, how- 
ever, necessarily include all recommendations formulated 
to protect the fish, invertebrate, and plant ccmmunities, 
because wildlife can be adequately protected only if the 
diversity and integrity of food webs are maintained. More- 
over, the recommendations must protect wildlife from pol- 
lutants that are relatively persistent in the environment, 
transported by wind or water currents, and concentrated or 
recycled in the food webs. Because of trophic accumulation, 
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birds and mammals that occupy the higher trophic levels in 
the food web may acquire body hurdens of toxicants that 
are lethal or that have significant sublethal effects on repro- 
ductive capacity, even though the concentrations of these 
substances in the water remain extremely low. Pollutants of 
concern or of potential concern are the radionuclides, heavy 
metals, chlorinated hydrocarbons, and other synthetic 
chemicals that are relatively resistant to biological and 
chemical degradation. 

Recommendations to protect wildlife dependent upon 
freshwater ecosystems may in general also apply to estu- 
aries. This is particularly true for protection of food and 
shelter for wildlife, pH, alkalinity, light penetration, settle- 
able substances, and temperature. These are discussed in 
Section I11 on Freshwater Aquatic Life and Wildlife. 

Marine and coastal waters constitute major sinks for per- 
sistent pollutants. Accumulation rates and steady-state 
levels are complex functions of input, rates of degradation, 
and rates of deposition in the sediments. As yet no research 
programs have measured accumulation rates of pollutants 
in coastal waters or determined whether steady-state con- 
centrations have already been attained. 

Current knowledge of the partition coefficients among 
concentrations in water, in sediments, and in tissues of 
representative species in food webs is at  best fragmentary. 
I t  is assumed, however, in the evaluation of water quality 
that the distribution and concentration of gradients of a 
pollutant in an aqueous ecosystem satisfy thermodynamic 
equilibria requirements. The  pollutants considered here are 
not essential to physiological functions, and do  not require 
energy to maintain the concentration gradients. Thus the 
chlorinated hydrocarbons are concentrated in the lipid 
pools of organisms from ambient water but will not accumu- 
iare indeiiniteiy. rtatner, under equiiibrium conditions, 
these poiiutants wiii aiso be iosr to ambient water, particu- 
late matter, and sediments in satisfying thermodynamic 
requirements. Because the internal environments of birds 
and mammals are more isolated from the ambient environ- 
ment than those of invertebrates and most fish, equilibrium 
concentrations of pollutants, particularly the chlorinated 
hydrocarbons, may be substantially higher. 

Theoretically, therefore, measurements of pollutant con- 
centrations in one component of an ecosystem are sufficient 
to indicate the level in the system as a whole when the parti- 
tion coefficients among water, suspended particulate and 
organic material, sediments, lipid pools, surface films, and 
the atmosphere are known. The methodologies for measur- 
ing pollutant concentrations in sea water are as yet imper- 
fect, and very few good measurements have so far been 
made. Consequently it is not practical at present to make 
recommendations for the relatively persistent organic pollu- 
tants based upon water concentrations, especially when 
partition coefficients are not known. Residue concentrations 
in fish are more easily determined and can more readily be 
associated with harm to bird and mammal populations that 

consume them. Recommendations for the toxic organic 
compounds that are trophically accumulated by marine 
wildlife are therefore based upon concentrations in fish. 

I t  cannot be assumed that there is a level or concentration 
in the ecosystem as a whole of pollutants which are muta- 
gens or teratogens that causes no effect on any of the \vild- 
life species. The chlorinated dibenzo-p-dioxins are highly 
toxic to developing embryos (Verret 1970)7L and are con- 
taminants in compounds prepared from chlorinated phe- 
nols, including the herbicide 2,4, 5-T (Verrett 1970)7l and 
the widely used fungicide pentachlorophenol (Jensen and 
and Renberg 1972).53 The  closely related chlorinated di- 
benzofurans are contaminants in some PCB preparations 
(Vos and Koeman 1970,’* Vos et al., 1970,75 \‘os in  press 
1972).72 Embryonic mortality in birds is induced b! these or 
other derivatives of PCB (Peakall et al., z n  press 1972,59 
VOS t n  bress 1972).72 For the present time the chlorinated 
dibenzofurans are included with PCB in the recommenda- 
tions. When environmental mutagens and teratogens affect 
only relatively few individuals of a population, it is as- 
sumed that these will be eliminated by natural selection 
without harm to the species as a whole. 

For other pollutants which affect specific enz) me systems 
or other ph) siological processes but not the genetic material 
or embr)ological development, it is assumed that there are 
levels in the environment of each below which all organisms 
are able to function without disrupting their life cycles. 
Manifestations of physiological effects, such as a certain 
amount of eggshell thinning or higher level of hormone 
metabolism, might be detectable in the most sensitive 
species. If environmental levels increase, the reproductive 
capacity of the most sensitive species would be affected first. 
The  object of the recommendations presented is to maintain 
the steady-state concentrations of each pollutant below 
those ieveis which interfere with the iife cycies of tile most 
sensitive wildlife species. Input should not therefore be 
measured only in terms of concentrations of each pollutant 
in individual effluents, but in relation to the net contribu- 
tion to the ecosystem. At the steady-state level, the net 
contribution would be zero, with the total input equal to the 
sum of degradation and permanent deposition in the 
sediments. 

Bases For Recommendations 

Recommendations based upon pollutant concentrations 
in fish must take into account the individual variation in 
residue concentration. The  distribution is usually not Gaus- 
sian (Holden 1970;51 Anderson and Fenderson 1970;30 
Risebrough et al. in press 1972),65 with several individual 
fish in a sample frequently containing much higher residue 
concentrations than the majority. Fish samples should there- 
fore consist of pooled collections. Samples as large as 100 
fish may not be sufficient to determine mean concentrations 
of a pollutant with a precision of 10 per cent (Risebrough 
et al. i n  press 1 972).65 Practicality, however, frequently 
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dictates against sample sizes of this magnitude, and samples 
consisting of 25 or more fish are suggested as a reasonable 
compromise. 

Radionuclides 

Recommendation 

In the absence of data that would indicate that 
any of the radionuclides released by human ac- 
tivities are accumulated by wildlife species, it is 
recommended that the recommendations estab- 
lished for marine fish and invertebrates apply also 
to wildlife. 

Heavy Metals 

The results obtained during the baseline study of the 
International Decade of Ocean Exploration (IDOE) in 
1971-72 have failed to indicate any evidence of pollution by 
heavy metals, including mercury and cadmium, above 
h,rk,ornur?d !pve!c i n  marine y r i e s  (C,nlrlhprc I 9)7!q45 
The results, suggested, however, local patterns of coastal 
contamination. The heavy metal analyses carried out to 
date of tissues of several species of petrels, strictly pelagic in 
their distribution (Anderlini et al. 1972);32 and of coastal 
fish-eating species such as the Brown Pelican, Pelecanus 
occidenfalis, (Connors et al. in press 1972a);40 and the Com- 
mon Tern, Sterna hirundo (Connors et al. in press 1972b)" 
have confirmed this conclusion. 

Recommendation 

In the absence of data indicating that heavy 
metals are present in marine wildlife in concen- 
trations above natural levels, it is recommended 
that recommendations formulated to protect other 
marine organisms also apply to wildlife in order 
to provide protection in local areas. 

Polychlorinated Biphenyls ( K B )  

Evidence is accumulating that PCB does not contribute 
to the shell thinning that has been a n ajor symptom of the 
reproductive failures and population declines of raptorial 
and fish-eating birds. Dietary PCB produced no shell thin- 
ning of eggs of Mallard Ducks (Anas plutyhjnchos) (Heath 
et al. in press 1972),49 nor did PCB have any effects on eggs of 
Ring Doves (Sfrepfopelia risoria) (Peakall I97 A PCB 
effect could not be associated with the thinning of Brown 
Pelican (Pelecanus occidenfalis) eggshells (Risebrough in press 
1 972).62 PCB may increase susceptibility to infectious agents 

other chlorinated hydrocarbons, PCB increases the activity 
of liver enzymes that degrade steroids, including the sex 
hormones (Risebrough et al. 1968;s4 Street et al. 1968).6' 
The ecological significance of this phenomenon is not clear. 

Because laboratory studies have indicated that PCB, with 
its derivatives or metabolites, causes embryonic death of 

yc,h 2s .j-s +~E-l~~d (Frfer.d 2.d Tr2izer !97".44 Li!&t 

birds (Vos et al. 1970;75 Vos and Koeman 1970;" Vos in 
press 1972;': Peakall et al. in press 19725e) and because ex- 
ceptionally high concentrations are occasionally found in 
fish-eating and raptorial species (Risebrough et al. 1968;s' 
Jensen et al. 196952), it is highly probable that PCB has 
had an adverse effect on the reproductive capacity of some 
species of birds that have shown population declines. 

Median PCB concentrations in whole fish of eight species 
from Long Island Sound, obtained in 1970, were in the 
order of one milligram per kilogram (mg/kg) (Hays and 
Risebrough 1 972)," and comparable concentrations have 
been reported from southern California (Risebrough 
1969).6' On the basis of the high probability that PCB in 
the environment has contributed to the reproductive failures 
of fish-eating birds, it is desirable to decrease these levels by 
at least a factor of two (see Section I11 on Freshwater 
Aquatic Life and Wildlife pp. 175-177). 

Recommendation 

It is recommended that PCB concentrations in 
any sample consisting of a homogenate of 25 or 
more whole fish of any species that is consumed by 
fish-eating birds and mammals, within the same 
size range as the fish consumed by any bird or 
mammal, be no greater than 0.5 mg/kg of the wet 
weight. 

In the absence of a standardized methodology 
for the determination of PCB in environmental 
samples, i t  is recommended that estimates of PCB 
concentrations be based on the commercial 
Aroclora preparation which i t  most closely re- 
sembles in chlorine composition. If the PCB 
composition should resemble a mixture of more 
than one Aroclora, it should be considered a mix- 
ture for the basis of quantitation, and the PCB 
concentration reported should be the sum of the 
component Aroclora equivalents. 

OD? Compounds 

DDT compounds have become widespread and locally 
abundant pollutants in coastal and marine environments of 
North America. The most abundant of these is DDE [2,2- 
bis(p-chlorophenyl) dicholoroethylene], a derivative of the 
insecticidal DDT compound, p ,p'-DDT. DDE is more 
stable than other DDT derivatives, and very little informa- 
tion exists on its degradation in ecosystems. All available 
data suggest that it is degraded slowly. No degradation path- 
way has so far been shown to exist in the sea, except deposi- 
tic:: i:: Xdime~ts.  

Experimental studies have shown that DDE induces 
shell thinning of eggs of birds of several families, including 
Mallard Ducks (Anus pfafyhynchos) (Heath et al. 1969)," 
American Kestrels (Fulco sparuerius) (Wiemeyer and Porter 
1970)," Japanese Quail (Coturnix) (Stickel and Rhodes 
1970)66 and Ring Doves (Sfrepfopeliu risoriul) (Peakall 1970).57 
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Studies of eggshell thinning in wild populations have re- 
ported an inverse relationship between shell thickness and 
concentrations of DDE in the eggs of Herring Gulls (Lorus 
argentofus) (Hickey and Anderson 1968) .so Double-crested 
Cormorants (Phalacrocorax auritus) (Anderson et al. 1 969),31 
Great Blue Herons (Ardea herodias) (Vermeer and Reynolds 
1970),’O \Yhite Pelicans (Pelecanus erylhrorhynchos) (Anderson 
et al. 1 969),3’ Brown Pelicans (Pelecanus occidenfalis) (Blus 
et al. 1972;36 Risebrough in lress 1972),c2 and Peregrines 
(Falco peregrinus) (Cade et al. 1970).37 

Because of its position in the food webs, the Peregrine 
accumulates higher residues than fish-eating birds in the 
same ecosystem (Risebrough et al. 1968).6‘ It  was the first 
North American species to show shell thinning (Hickey and 
Anderson 1968).50 I t  is therefore considered to be the species 
most sensitive to environmental residues of DDE. 

The most: severe cases of shell thinning documented to 
date have occurred in the marine ecosystem of southern 
California (Risebrough et al. 1970)63 where DDT residues 
in fish have been in the order of 1-10 mg/kg of the whole 
fish (Risebrough in press 1972).62 In Connecticut and Long 
Island, shell thinning of eggs of the Osprey (Pandion lraliae- 
fus) is sufficiently severe to adversely affect reproductive 
success; over North America, shell thinning of Osprey eggs 
also shows a significant negative relationship with DDE 
(Spitzer and Risebrough, un~iublished DDT residues 
in collections of eight species of fish from this area in 1970 
ranged from 0.1 to 0.5 mg/kg of the wet weight (Hays and 
Risebrough 1972).47 Evidently this level of contamination 
is higher than one which would permit the successful repro- 
duction of several of the fish-eating and raptorial birds. 

Recommendation 

- -  I t  is rornmrnondod ---”-*--*-_---_- that _--_.. nnT -- mnrontratinnQ _---_-_-------..-- --- in 
any sample consisting nf R hnmngenate of 25 or 
more fish of any species that is consumed by fish- 
eating birds and mammals, within the same size 
range as the fish consumed by any bird or mammal, 
be no greater than 50 &/kg of the wet weight. 
DDT residues are defined as the sum of the concen- 
trations of p, p’-DDT, p, p’-DDD, p, p‘-DDE and 
their ortho-para isomers. 

Aldrin, Dieldrin, Endrin, and Heptachlor 

Aldrin, dieldrin, endrin, and heptachlor constitute a 
class of closely related, highly toxic, organochlorine insecti- 
cides. Aldrin is readily converted to dieldrin in the environ- 
ment, and heptachlor to a highly toxic derivative, hepta- 
chlor epoxide. Like the  DDT compounds, dieldrin may be 
dispersed through the atmosphere (Tarrant and Tatton 
1968,68 Risebrough et al. 1968).6‘ The greatest hazard of 
dieldrin is to fish-eating birds such as the Bald Eagle (Hal i -  
aeelus leucoce/hdus) (Mulhern et al. 1970) ;56 the Common 
Egret (Casmerodius albus) (Faber et al. 1972)43 and the 
Peregrine (Falco peregrinus) (Ratcliffe 1970),s0 which may 
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accumulate lethal amounts from fish or birds that have not 
themselves been harmed. 

These compounds are somewhat more soluble in water 
than are other chlorinated hydrocarbons such as the D D T  
group (Gunther et al. 1968) ;46 partition coefficients between 
water and fish tissues can be assumed to be lower than those 
of the D D T  compounds. Equivalent concentrations in fish 
would therefore indicate higher environmental levels ot 
dieldrin, endrin, or heptachlor epoxide than of DDE or any 
of the other D D T  compounds. Moreover, these compounds 
are substantially more toxic to wildlife than are other 
chlorinated hydrocarbon pesticides (Tucker and Crabtree 
1 970).69 More conservative recommendations are therefore 
necessary. 

Recommendation 

It is recommended that the sum of the concen- 
trations of aldrin, dieldrin, endrin, and heptachlor 
epoxide in any sample consisting of a homogenate 
of 25 or more whole fish of any species that is con- 
sumed by fish-eating birds and mammals, within 
the size range consumed by any bird or mammal, 
be no greater than 5 &kg of the wet weight. 

Other Chlorinated Hydrocarbon Pesticides 

Other chlorinated hydrocarbon insecticides include lin- 
dane, chlordane, endosulfan, methoxychlor, mirex, and 
toxaphene. Hexachlorobenzene is likely to have increased 
use as a fungicide as mercury compounds are phased out. 
This compound is toxic to birds and is persistent (VOS et al. 
1 968).73 \Vith the possible exception of hexachlorobenzene, 
recommendations that protect the invertebrate and fish life 
of estuaries from injudicious use of these pesticides will also 
protect the wildlife species. In light of the experience with 
D D T  and dieldrin, the large scale use of a compound such 
as mirex can be expected to have adverse effects on wildlife 
populations. 

Recommendation 

It is recommended that the concentration of any 
of these chlorinated hydrocarbon insecticides, in- 
cluding lindane, chlordane, endosulfan, methoxy- 
chlor, mirex, and toxaphene, and of hexachloro- 
benzene, in any sample consisting of a homogenate 
of 25 or more whole fish of any species that is con- 
sumed by fish-eating birds and mammals, with 
the size range that is consumed by any bird or 
mammal, be no greater than 50 pg/kg of the wet 
weight. 

lead 

No data was found to indicate that lead released into the 
atmosphere through the combustion of leaded gasolines has 
posed a hazard to wildlife populations or has resulted in an  
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increase in body burdens of lead over background levels. 
Critical studies, however, have not yet been carried out. 
Ingestion of lead shot by waterfowl, which often mistake 
spent lead shot for seed or grit, kills many birds, and the 
pollution of marshes by lead shot is a serious problem. 

Jordan (1952)54 found that female waterfowl are about 
twice as sensitive to poisoning as males, and that toxicity 
varied grcatly, depending on species, sex, and quantity and 
quality of food intake. A corn diet greatly increased the 
toxicity of lead. A study carried out by Bellrose (1951)34 
indicated that the incidence of lead shot in gizzards of 
waterfowl averaged 6.6 per cent in 18,454 ducks. Among 
infected ducks, 68 per cent contained only one shot in their 
gizzards, and only 17.7 per cent contained more than two 
(Jordan and Bellrose 1951).55 The  incidence of ingested 
shot appears to increase throughout the hunting season with 
a subsequent decline afterwards. Most losses of waterfowl 
due to ingested lead shot are in fall, winter, and early 
spring (Jordan 1952).j4 Different species show different 
propensities to ingest shot. Redhead (A j t / ya  americana), 
Canvasback (Avt iya  uaiisneriaj and Ringnecked Eucks 
(Ayt lya  collaris) are prone to ingest shot, while Gadwall 
(Anus sfrepera), Teal (Anus sp.) and Shoveler (S,ba!ula c~ ,beolo)  
show a low incidence. Ingestion of one shot does not appear 
to produce measurable changes in longevity, but six NO. 6 
shot are a lethal dose to Mallards, Pintail (ilnus acu!a) and 
Redheads (\Vetmore 1919).76 Cook and Trainer (1966)" 
found that four to five pellets of No. 4 lead shot were a 
lethal dose for Canada Geese (Branla canadensis). O n  a body 
weight basis, 6 to 8 mg/kg/day is detrimental to Mallards 
(Coburn et al. 1951).39 

Lead concentrations in livers of poisoned birds are of a 
comparable order of magnitude, ranging from 9 to 27 
mg/kg in Canada Geese (Adler 1944),29 18 to 37 mgjkg in 
Whistling Swans (Olor cohmbianus) (Chupp and Dalke 
1964)38 and an average of 43 mg/kg in Mallards (Anus 
plutyrlynchos) (Coburn et ai. 1951).39 These levels are I O  to 
40 times higher than background, which is in the order of 
one mg/kg of the wet weight liver (Bagley and Locke 
1 967).33 

Lead poisoning in waterfowl tends to occur especially in 
areas where a few inches of soft mud overlay a hard sub- 
strate. I n  marshes where waterfowl are hunted, the number 
of lead pellets per acre of marsh bottom is on the order of 
25,000 to 30,000 per acre and is frequently higher (Bellrose 
1959).36 30,000 pellets per acre are equivalent to 0.7 pellets 
per square foot. 

The  data examined indicate that the annual loss is be- 
- - -t\ireen-0.7 per cent and 8.1 per cent of a population esti- 

mated to be 100 million birds. Although there IS apparently 
no evidence that a loss of this magnitude has long-term 
detrimental effects on any species, it is considered unac- 
ceptable. Levels of lead shot in the more polluted' marshes 
should therefore be reduced. The  ultimate solution to this 
problem is the production of non-toxic shot. 

Recommendation 

In order to reduce the incidence of lead poisoning 
in freshwater and marine waterfowl, i t  is recom- 
mended that: non-toxic shot be used, or that no 
further lead shot be introduced into zones of shot 
deposition if lead shot concentrations exceed 1.0 
shot per 4 square feet in the top two inches of 
sediment . 
WASVE CAPACITY OF RECEIVING WAVERS 

When waste disposal to any natural body of water is con- 
sidered, the receiving capacity of the environment must be 
taken into account. Waste disposal has been one of the 
many uses man has required of estuaries and coastal waters. 
These waters are capable of assimilation of definable quanti- 
ties and kinds,of wastes that are not toxic and that do not 
accumulate to unacceptable levels. In many locations 
wastes are being added to thcse waters at  rates that exceed 
their capacity to recover; and when the rate of addition ex- 
cercis tile rccuvery capacity, iiic waicr quai i iy  dricriuraies 
rapidly. I t  is essential to understand the local conditions 
and the processes that determine the fate, concentration, 
and distribution of the pollutant in order to determine the 
amount of the pollutant and the rate of disposal that will 
not esceed the recommended levels. 

A simplified diagram of the various processes that may 
determine thc fate and distribution of a pollutant added to 
the marine environment is presented in Figure IV-I 
(Ketchum 1967).82 The waste material may be diluted, dis- 
persed, and transported by various physical processes, such 
as turbulent mixing, ocean currents, or exchanges with the 
atmosphere. I t  may be concentrated by various biological 
processes, such as the direct uptake by organisms of a dis- 
solved material in the water, and it may be transferred from 
organism to organism in various trophic levels of the food 
web. Additional concentration of the material may occur at  
the higher trophic levels, particularly if  some organ or tissue 
of the body accumulates the substance, such as DDT or 
petroleum products that accumulate in the fatty tissues, 
various metals that may accumulate in the bone or liver, 
and iodine which accumulated in the thyroid. 

Substances can also be concentrated from the environ- 
ment by chemical, physical, and geological processes such as 
sorption. Natural waters contain a certain amount of sus- 
pended material, and some material added to the water may 
be sorbed on these particles. In sea water, which already 
contains in solution most of the known elements, added 
materials may be precipitated from  the^ water by various 
chemical reactions. As lresh waters carry poiiutants to the 
sea, the change in salinity causes flocculation of some of the 
materials suspended in the fresh water and results in their 
precipitation from the medium. Ion exchange reactions 
with the various organic compounds dissolved in sea water 
can also occur. 
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by the rate of addition of the pollutant, the rate of its re- 
moval or dilution by the circulation, and the rate of its 
decomposition or removal by biological, chemical, or geo- 

The average concentration of a given pollutant continu- 
ously added to a body of water, will tend to approach a 
steady state in the system. This concentration is determined 
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FIGURE IV-1-Processes That Determine the Fate and Distribution of a Pollutant Added to the Marine Environment. 
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logical processes. The  average concentration is not always 
the critical concentratiOn to be evaluated. For example, if 
bioaccumulation occurs, the amount accumulated in the 
critical organism should be evaluated, rather than the aver- 
age concentration in the system as a whole. The  processes 
of circulation and mixing may leave relatively high concen- 
trations in one part of the system and low concentrations in 
another. The  average conditions thus set an  upper limit on 
what can be added to the system but do not determine the 
safe limit. I t  is clear, however, that a pollutant might be 
added to a body of water with vigorous circulation at  a rate 
that could result in acceptable water quality conditions, 
while the same rate of addition of the pollutant to a sluggish 
stream might produce unacceptable levels of contamination. 
Thus, the characteristics of the receiving body of water 
must be taken into account when evaluating the effects of 
the pollutant upon the environment. 

In  a stream, the diluting capacity of a system is relatively 
easy to determine from the rate of addition of the pollutant 
and the rate of stream flow. The  pollutant is carried down- 
stream by the river iiow, and “IICW” water is aiways avaii- 
able for the dilution of the pollutant. This is not necessarily 
true of lakes where the pollution added over a long period 
of time may accumulate, because only a small fraction of the 
added pollutant may be removed as a result of flushing by 
the outflow. In  estuaries, the situation is further compli- 
cated by the mixture of salt and fresh water, because a 
pollutant added at  a mid-point in the estuary can be carried 
upstream by tidal mixing just as the salt is carried up- 
stream. The  upstream distribution of a conservative pollu- 
tant is porportional to the upstream distribution of salt, 
whereas the downstream distribution of the pollutant is 
proportional to the downstream distribution of fresh water. 

In  either lakes or estuaries, the average retention time or 
the half-life of the material in the system can be used to 
estimate the average concentration that the pollutant will 
achieve in the system. In lakes, an estimate of the average 
retention time can be derived from the ratio of the volume 
of the lake divided by the rate of inflow (or outflow). \Vhen 
the lake is stratified, only part of the volume of the lake 
enters into the active circulation, and an appropriate cor- 
rection must be made. I n  estuaries and coastal waters, a 
similar calculation can be made by comparing the volume 
of fresh water in the estuary with the rate of river inflow. 
The  amount of fresh water in any given’sample can be com- 
puted from the determination of salinity. I n  stratified estu- 
aries such as a fjord, only the part of the system that is 
actively circulated should be taken into account. This may 
be adequately done by the choice of the appropriate base 
saiiniry in computing the fresh water C O I I L ~ I I L .  Exampies of 
the mean retention time of a few bodies of water calculated 
as described above are presented in Table IV-I. 

Lakes with large volumes superficially appear to have a 
great capacity to accept waste materials. If the retention 
time is long, however, this merely means that it takes a long 
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TABLE iV-i-Average Retention Times and Haif Lives for 
River Water in the Great Lakes and in Various Estuaries 

and Coastal Regions 

Su#m Mwn rolontim Half Elo R o l e r s ~ m  
arnamil timo 

Lake supaim ._..___.._........ ii.nm in yrL m J n  Booton (1959)’* 
LakO Michigan ......____...__.. 22.420 100 Jm 69rn Bwton (1969)” 
Lako Huron .__.__....._.,..._._ n.Ol0 WyrL 21 yrL Beoton (1969)” 
L a k O E r i O  ......._......__.___.. 9.m 2.OJIL 1 . 9 J n  BEdOII(1963)” 
Lako Onbrio ....____........... 7.5m OJTL 5.6 Jfb BwtOn(1969)” 
Continnntal ShnH 
Caps Cod lo Hattcfas to 29.W 1.S2.0 JIL 1.1-1.4yrr Knlchumtnd Kana(1955)~ 

Nsrr Vork Bight.. . . . . , . . . . . . . . , (83 10 662 6.0-7.4 d q s  
BaJ ol Fun@. . . , . , . . . . . . . . . . . . 
Onlamro Bay 

high rivor llotr.. ., . . . .._. . . . . 
low river now.. _. . . . . .. . , . . . . 

1.W 11. conlour 
4.1-5.05 dqs Koichum 01 a1 (1951)” 

Katchum and K w n  (IWP 1.300 76 dap 52 days 

11-87 day1 . .. . . . . 42-126 daJS 
Kokhum (unpu8lirhod) 

(1952)” 
Raribn Bay 

hifh river flaw.. . . . , . , . . . . . . . 
Iw rivnr flow 

Long Island Sound. ... . . . , , . . . . . 

45 15-30 days 10-21 days Ketchurn (1951a.*0 8”) 

930 36 daJs 25 days Ri lq  (1952)M 

time to build up to steady-state concentration, and it will 
take a comparably long time to recover from a steady-state 
concentration once it is achieved. For Lake Superior, for 
example, it would take 128 years to remove half of the 
steady-state concentration of a pollutant that had been 
achieved over 185 years at  the average rate of input. Aquatic 
environments in which the circulation is more rapid will 
achieve a steady-state concentration of a pollutant more 
quickly and will also recover more quickly. 

Nonconservative pollutants are those that change with 
time by processes which are additional to circulation and 
dilution. The  half-life of these substances in the environ- 
ment is the product of these processes and the processes of 
circulation and dilution. For radioactivity, for example, 
the half-life is the time needed for the normal radioactive 
decay to dissipate half of the radiation of the material. 
This is different for each radioisotope and may vary from 
fractions of a second to centuries. The  half-life for the de- 
composition of the organic matter in sewage in marine 
systems is probably on the order of days and will be de- 
pendent on temperature. The  decomposition of sewage, 
however, releases the fertilizing elements in the organic 
molecule, and these will persist in the environment. In  con- 
trast to these rapid changes, the half-life of the chlorinated 
hydrocarbon pesticides is probably of the order of 10 years 
in the marine environment, though this is an estimate and 
not a direct determination. Heavy toxic metals, which may 
also pollute the environment, do not decay but persist in- 
definireiy, though their iocarion and forms in ihe sysieiii 
may change with time. 

The greatest pollution danger arises from the addition of 
persistent materials to those ecosystems with slow circula- 
tions. Under these conditions, the waste concentration will 
increase slowly until a steady-state level is reached. If circu- 
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1 lation is more rapid, the system will reach steady-state more 

quickly, but the concentration for a given rate of addition 
will be less. If the material is not persistent, the rate of 
decomposition may be more important than circulation in 
determining the steady-state concentration. If the products 
of decomposition are persistent, however, these will. accumu- 
late to levels greater. than those in the original discharge. 
Local concentrations, such as can be found in the deeper 
waters of stratified systems or in trapping embayments, may 
be more significant than the average concentration for the 
whole system. In  short, the recommendations cannot be 
used to determine the permissible amount of a pollutant to 
be added or a rate of addition without detailed knowledge 
of the specific system which is to receive the waste. 

Mixing Zones 

When a liquid discharge is made to a receiving system, 
a zone of mixing is created. In  the past, these zones have 
frequently been approved as sites of accepted loss, exempted 
from the water quality standard for the receiving water. 
Physical description, biological assessment, and manage- 
ment of such zones have posed many difficult problems. 
The following discussion deals with criteria for assuring that 
no significant damage to marine aquatic life occurs in such 
mixing zones. Although recent public, administrative, and 
scientific emphasis has focused on mixing zones for the dis- 
persion of waste heat, other uses of the mixing zone concept 
are also included in these considerations. 

Definition of a Mixing Zone A mixing zone is a 
region in which an  effluent is in transit from the outfall 
source of the receiving waters. The  effluent is progressively 
diluted, but its concentration is higher than in the receiving 
waters. 

Approach to the Recommendation Mixing zones 
must be considered on a case-by-case basis because each 
proposed site involves a unique set of pertinent considera- 
tions. These include the nature, quantity, and concentra- 
tion of the effluent material; the physical, chemical and bio- 
logical characteristics of the mixing area and receiving 
waters; and the desired uses of the waters. However, the 
following general recommendation can be established for 
the purpose of protecting aquatic life in areas where effluents 
are mixing with receiving waters: 

The total time-toxicity exposure history must not cause dele- 
terious effects in affected populations .f imporlant species, 
including the post-exposure ejects. 

Meeting the Recommendation Special circum- 
stances distinguish the mixing zone from the receiving 
waters. In  the zone, the duration of exposure to an effluent 
may be quite brief, and it is usually substantially shorter 
than in the receiving waters, so that assays involving long 
periods of exposure are not as helpful in predicting damage. 
In  addition, the concentration of effluent is higher than in 
receiving waters. Therefore, the development of specific 
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requirements for a specific mixing zone must be based upon 
the probable duration of the esposure of organisms to the 
effluent as well as on the toxicity of the pollutant. 

The  recommendation can be met in two ways: use of a 
probably-safe concentration requirement for all parts of the 
mixing zone; or accurate determination of the real concen- 
trations and duration of exposures for important species and 
good evidence that this time-toxicity exposure is not dc- 
leterious. The  latter, more precise approach to meeting the 
recommentation will require: 

determination of the pattern of exposure of impor- 
tant species to the effluent in terms of time and con- 
centration in the mixing zone; 
establishment of the summed effects on important 
species ; 
determination that deleterious effects do not occur. 

Complexities in the Marine Environment Some 
of the problems involved in protecting marine aquatic life 
are similar to those in lacustrine and fluvial fresh waters and, 
in general, the recommendations in Section 111, pp. 112- 
115 are applicable to marine situations. Therc arc, howevcr, 
special complexities in evaluating mixing zones in coastal 
and oceanic waters. These include: 

the exceptional importance of sessile species, espe- 
cially in estuaries and near shore, where effluents 
originate; 
the presence of almost all species in the plankton a t  
some stage in the life history of each, so that they 
may be entrained in the diluting waters; 
obligate seasonal migrations by many fish and some 
invertebrates ; 
oscillation in tidal currents, mixing mechanisms and 
in resulting concentrations, dilution rates, and dis- 
persion patterns. 

None of these affect the general recommendation, but 
they do  contribute to the diEculty of applying it. 

Theoretical Approach to Meeting the Recom- 
mendation Any measure of detrimental effects of a 
given concentration of a waste component on aquatic or 
marine organisms is dependent upon the time of exposure 
to tha? waste concentration, at  least over some restricted 
but definable period of time. For a given species and sub- 
stance, under a given set of environmental conditions, there 
will be some critical concentration below which a particular 
measure of detrimental effects will not be observed, regard- 
less of the duration of exposure. Above the critical concen- 
tration, the detrimental effects will be observed i f  the ex- 
posure time is sufficiently long. The greater the concentra- 
tion of the substance, the shorter the time of exposure to 
cause a specified degree of damage. The  water quality 
characteristics for mixing zones are defined so that the or- 
ganisms to be protected will be carried or move through the 
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zone without being subjected to a time-exposure history 
that would produce unacceptable effects on the population 
of these species in the water body. 

In order to quantify this statement, the following quanti- 
ties are defined: 

T50,C,E=time of exposure of a critical aquatic or 
marine species to a concentration, C, of a 
given pollutant, under a constant set of en- 
vironmental conditions, E, which produces 
50 per cent mortality of the critical species. 

TO,C’,E=time of exposure of a critical aquatic or 
marine species to a concentration, C’, of a 
given pollutant, under a constant set of en- 
vironmental conditions, E, which produces 
no unaccepable effects on the critical species. 

For some pollutants, C and C‘ for a given time of expo- 
sure may bc related by: 

C’=C-ACo 

where ACo is the amount by which the concentration which 
produces a 50 per cent mortality must be decreased in order 

species wi l l  occur. For example, in the case of temperature, 
it has been shown that at temperatures 2 C below those 
which produce a 50 per cent mortality, no observable 
detrimental erects occur. For temperature, then, 2 C is a 
conservative value of ACo. 

For other pollutants, notably chemical toxicants, C’ is 
related to C by the relationship: 

.I.-. ,GG iiiiciucj,iuLie t.rect.Cis of the poiiutant on a given critical 

C’=k.C 

where k is the ratio of the concentration at which no rtn- 
accepable effects occur to the concentration which produces 
a 50 per cent mortality with both concentrations deter- 
mined over the same exposure time. 

It is difficult to establish with statistical confidence a re- 
lationship between TO, C’, E and C’, for a large number of 
species, by direct laboratory experiments. However, labora- 
tory experiments can be used to determine, for the critical 
species of the receiving waterbody, the relationship between 
pollutant concentration and the time period of exposure 
necessary to produce a 50 per cent mortality. Thus, it is 
necessary to obtain, by experiment, the form and constants 
of a function of the pollutant concentration, fl(C), such 

that 
T50, C, E = fi(C). 

Conservative estimates of ACo or of k can be obtained de- 
pendent upon decisions as to acceptable effects from addi- 
tional laboratory studies. Once ACo or k have been estab- 
lished, the relationship C’ = C-  ACo, or the relationships 
C’= k-C,  depending on the properties of the particular 
waste materials, can he combined with the abovc equation 
relating T50, C, E and C, to produce an equation relating 
TO, C’, E and C’. That is: 

TO, C‘, E=fZ(C’). 

This equation gives the maximum time that a particular 
species could be exposed to a concentration C’ without re- 
sulting in unacceptable effects on the population of this 
species. The water quality recommendations for the mixing 
zone are satisfied if, for any organisms carried through the 
mixing zone with the flow or purposefully moving through 
the zone, the time of exposure satisfies the relationship 

. . time of exposure 
13 

fdC’) 

where C’ is the concentration of a specified pollutant in the 
mixing zone. 

Because, in fact, the concentration in the mixing zone 
decreases with distance from the point of discharge, and 
hence organisms carried through the plume will be sub- 
jected to concentrations which are continually decreasing 
with time, a more suitable quantitative statement of water 
quality characteristics necessary for the mixing zone is : 

ATI AT2 AT3 ATn 
I >- +y+-. - 

f?(C’l) fz(C 2) fdC 3) ’fz(C’II> 

where the time of exposure of an organism passing through 
the mixing zone has been broken into n increments, A T I ,  
AT2, AT3, etc. long. The organism is considered to be ex- 
posed to concentration C’l during the time interval A T I ,  to 
concentration C’* during the time interval AT2, etc. The 
sum of the individual ratios must then not exceed unity. 

The above theory is applied in the recommendations and 
examples in Section I11 on Freshwater Aquatic Life and 
Wildlife, pp. 112-1 15, and in the Freshwater Appendix 
11-A, pp. 403-407. 



METHODS OF ASSESSMENT 

I t  is the purpose of this discussion to explain the ap- ACUTE TOXICITIES-BIOASSAYS . .  
proaches considered in deriving the recommendations given 
in this Section. Because the biological effects of a pollutant 
are manifest in a variety of ways, the specific technique to 
be used in estimating biological impact must be tailored to 
each specific problem. For example, acute or lethal toxicity 
of a given pollutant to a marine species can be evaluated by 
short-term bioassay in the laboratory designed to deter- 
mine the concentration of the material which is lethal to 
half of the selected population in a fixed period of time, 
commonly four days (LC50-96 hours). The “safe” limit 
will be much lo\ver than the concentration derived in such 
a bioassay, and appropriate safety factors must be applied. 
The safe limit should permit reproduction, growth, and all 
normal life processes in the natural habitat. 

\Vhen a pollutant is discharged to the environment at  a 
safe concentration determined in this way, the living or- 
ganisms are exposed to a chronic, sublethal concentration. 
Some stages of the life cycle of the species to be protected, 
such as the eggs or larvae, may be more sensitive than the 
adult stages. It is sometimes possibie to idenril’) tiir u i k 4  
life stage \vhich can then be used in a bioassay. Long-term 

Detailed methods for laboratory bio ssays are described 
in Section 111, Freshwater Aquatic Life and \ViIdlife, and 
can serve as guidlines for application to the marine system. 
The  ability to extrapolate from results of bioassay tests is 
limited, and the need for safety factors in their application 
to the environment must be emphasized. The methodologies 
discussed a’re illustrative and should be considered as guide- 
lines for meaningful bioassays. 

The  most important uses of bioassays for evaluating Ivater 
quality are: 

analysis of the concentration of a specific material in 
natural waters by means of a biological response; 
detection of toxic substances in organisms used as 
food for man; 

0 analysis of the suitability of natural waters for the 
support of a given species or ecosystem ; 

0 determination of critical toxic levels of substances to 
selected species; 
e;-a!uatio:: cf bin-stimx!ztinn effects by materials 
such as nutrients. 

bioassays covering a substantial part of the life cycle of the 
organism can be conducted in the laboratory to determine 
chronic sublethal effects of pollutants. \;arious processes 

These purposes fall into two general categories : bio- 
analysis and bioresponse. 

of the organism, such as respiration, photosynthesis, or 
activity may be used to evaluate sublethal effects. Some 
longterm chronic effects may be more subtle and more diffi- 
cult to evaluate under laboratory conditions. Examples of 
this type include changes in breeding or migratory behavior 
or the development of a general debility making the orga- 
nisms more suceptible to disease, predation, or to environ- 
mental stresses. 

A pollutant in the marine environment may also have an 
effect on the ecosystem not directly associated with its effect 
on an individual species. Ecosystem interactions are diffi- 
cult to assess in the laboratory, and techniques for evaluat- 
ing them in the field are not completely satisfactory. Such 
interactions must be considered, however, in applying 
recommendations to any specific situation. 

BIOANALYSIS 

Bioanalysis has been used for many years to measure 
effects of substances on organisms. These assays may give 
quantitative measurements, such as weight per volume, or 
be expressed in arbitrary units defined by the degree of 
response. They are most valuable when the organism re- 
sponds to a lower concentration than can be detected by 
available chemical or physical techniques. Such bioassays 
require carefully controlled procedures, and organisms and 
experimental conditions must be standardized. Responses 
are used that have been shown to have a correlation with 
the amount of test substance present. Preparation of test 
materials is rigidly controlled to avoid problems arising 
from synergists or antagonists administered with the test 
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material. This is dificult and often irripussible i:i h c  biu- 
assay of materials obtain’ed from the environment. 

Bioanalysis bas potential in measuring pollutants in ma- 
terials to be discharged to the environment. For toxic ma- 
terials, the amount of material relative to the biomass of the 
test organism must usually be controlled, because most 
toxicants exhibit a threshold effect. I t  is usual to determine 
the concentration of material at  which some fraction of the 
maximal effect (commonly 50 per cent) occurs in a popula- 
tion of known and constant biomass. The  fact that far 
lower concentrations present for a longer time might ulti- 
mately produce the same effect does not invalidate this 
type of assay, because quantitation is obtained by com- 
parison with standard curves. I t  should, however, be real- 
ized that in the presence of detoxification mechanisms, the 
assay should be conducted for a period of time at  which the 
desired effect (such as 50 per cent inhibition) occurs at  the 
lowest possible concentration. 

In assays of materials for which an organism has a natural 
or induced requirement, it must first be established that of 

one can produce the response measured. Second, no sub- 
stances present should reduce the availability of the ma- 
terial. If the first of these conditions is satisfied, the second 
can often be approached using a “system of adds” in which 
a graded series of concentrations of standard material are 
added to the unknown amount of material in the sample. 
The intercept of the response curve with the concentration 
axis is a measure of the amount present in the sample. 

If zero response is at  a finite concentration, a biologically 
effective threshold concentration (zero) must be used which 
has been derived from a separate experimental series in the 
same medium devoid of unknown amounts of test material. 

-__ 211 wqhctanoec iuhirh ...----- r n ~ ~ l r l  .,---- be p y ~ e n t  i- the :amp!q o;‘.!y 

BIORESPONSE 

Bioassays which measure the biological effecf of a sub- 
stance or mixture on a single organism or artificial ecosystem 
can be used to establish water quality criteria, to monitor 
compliance with standards stated in terms of biological 
effect, or to measure the relative effects of various materials. 
Natural processes of equilibration, chemical degradation, 
and physical adsorption are specifically desired, because it 
is the biological effect rather than the amount of test material 
that is of concern. The  observed effect will be determined by 
the availability of the material, the rate of formation or 
degradation, and the effect of chemical by-products; and 
by alterations of the environment caused &y addition of the 
material. \Vhether conducted in the laboratory or in the 
fie!=, ,.cI.: ---_-.. . ---r----J -- .:-- - - - I - -  

ing from determinations of acute toxicity (commonly 96 
hours or less) through determinations of incipient LC50 
levels (Sprague 1969,94 1971%), and on time scales which 
include multiple generation chronic exposures. Each of 
these has its own utility and limitations. 

I, .-  VA u l v a a a a y  is p , . ~ ~ v ~ i i i c u  u i n  uiiie 3caica  v a i y -  

Short-term determinations of TLm or TL50 values are 
primarily of value in comparing toxicities of a number of 
formulations which have similar modes of action. They are 
also useful in determining the dilution to be employed in 
long-term, flow-through exposure and in comparing 
sensitivities of various life stages of the same organism. I n  
practical terms, each life stage must be considered a physio- 
logic;llly distinct organism with its own particular environ- 
mental requirements: immature stages commonly have 
quite a different habitat and may have different sensitivity. 

I t  has been common practice to use information from 
acute toxicity studies to establish concentrations tolerable 
for natural waters. This is done by multiplying the level 
found in the bioassay by some more or less arbitrary “appli- 
cation factor” (Henderson 1 957,9‘ Tarzwell 1 962g7). Ke- 
cently, there have been attempts to establish the application 
factor experimentally (Mount 1968,92 Brungs 196g90). Ap- 
plication factors are discussed in Section 111, Freshwater 
Aquatic Life and Wildlife, and that discussion is applicable 
to the marine system. If, in the process of conducting these 

taminated medium, the time of exposure which the orga- 
nism can withstand and still survive, should it escape the 
pollutant or should the pollutant degrade rapidly after a 
single addition, can also be estimated. 

Determination of incipient LC50 is a valid measurement 
of acute toxicity, because the assay is continued until maxi- 
mum effect is observed a t  any given concentration (Sprague 
1 969,S4 1 970,95 197 1 9 9 .  These bioassays must be conducted 
under conditions of continuous flow, because the degree of 
response cannot be limited by the  absolute amount of toxi- 
cant available in the system or by the relationship between 
biomass and absolute amount. In  practice, the technique is 
most applicable to compounds which reach equilibrium 
rapidly. Otherwise, it takes a long time to achieve maximum 
effect at  low toxicant levels. Here, too, application factors 
are needed to use data from bioassayed concentrations in 
estimating levels for environmental protection. Theoreti- 
cally, application factors account for variations in sensitivity 
between the life stage tested and that life stage or develop- 
mental period during which the organism is most sensitive 
to the compound or conditions. Application factors should 
also safely permit a range of naturally-occurring environ- 
mental variations that would increase sensitivity. 

Long-term bioassay, in which the organism is kept 
through a t  least one complete life cycle under conditions of 
continuous-flow exposure, is perhaps the closest but most 
conservative laboratory approach to estimating environ- 
mental hazards. \.\’here a chemical or physical attraction 
ficciiis ci W : ~ C I C  ilic pupuidiiulr is s&it U I  iniiicicd by 
hydrographic features, continuous exposure to freshly 
added material will be a realistic model. However, where 
the organism might escape in nature, such a captive ex- 
posure will be unrealistic. The  experimental conditions 
chosen may either be held constant or varied to approxi- 

^^”^..^ ~ -_-- :”-” --- - - - : - J : - - l l . .  .----. .-J I- 
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mate local natural changes or intermittent discharges to be 
expected. Adequate modelling of a particular environmental 
circumstance often requires varying degrees of delay be- 
tween the time of test material addition and exposure of the 
organisms. 

Duration of chronic toxicity studies is determined by the 
life span and reproductive cycle of the organism chosen. 
Micro-organisms have relatively short life cycles but may 
require several generations to deplete metabolite reserves 
and show maximum response. A greater variety of measure- 
ments can be used in long-term than in short-term testing. 
This variety, together with the longer period available for 
response and the certainty of testing the most sensitive life 
stage, serves to increase both the sensitivity and relevance 
of such tests. Differences in sensitivity between species, that 
may be evident in short-term tests, tend to narrow as the 
tests approach a full life cycle. 

The maintenance of a resident population of sensitive 
organisms in an effluent stream or portion of a natural 
stream receiving effluent, can create a long-term flow- 
through bioassay. This technique is primarily useful as a 
verification of safety based on other estimates, but because 
the response time may be long, the results are of little use 
where rapid feedback of information is essential. 

DESIGN OF BIOASSAYS 

The bioassay system may be compartmentalized for pur- 
poses of design into (1) the substance to be tested, (2) the 
environment into which it will be introduced, (3) the orga- 
nism(s) which will be exposed to the resultant system, and 
(4) the observations to be made. Each affects and is affected 
by the others. 

The chemical and physical nature of the material to be 

and in the test system-and thus on which organisms will 
encounter it and in what form it will be. For example, a 
pure substance, highly soluble in water, may be tested for 
its effect directly on organisms inhabiting the water column. 
A material which precipitates rapidly may be readily 
available to organisms which ingest the precipitate and 
resolubilize it under conditions prevailing in the digestive 
tract. Materials which are only slightly soluble are often 
readily available to micro-organisms which have a high 
surface-area-to-volume ratio and are capable of taking 
up  some substances at  exceedingly low (IO-* to M) 
concentrations. A highly hydrophobic material which is 
readily adsorbed to sediments or detritus may appear in 
free solution to only a limited extent or for a short time and 
exert a prolonged direct effect mainly on those organisms 
which inhabit sediments or which process sediments or 
detritus for food. Valid interpretation of bioassay results 
requires sensitive and highly specific analytical chemistry as 
part of the procedure. Results obtained for any bioassay 
organism are subject to question if anomalous behavior of 
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the substance tested or the organisms used are subsequently 
established. 

The organism for bioassay should be chosen on the basis 
of the relationship of its life stages to the various toxicant 
compartments and information desired. Organisms \<ill  be 
useful if they are readily available and can be reared and 
propagated in the laboratory. The  size of the organisms in 
relation to available facilities will in part dictate a choice. 
All too often, these have been the primary if not the only 
considerations. There is a temptation to give priority to or- 
ganisms that are available from standard sources \vith a 
known genetic line or from a single clone. This approach is 
essential when using bioassay as an analytical tool. How- 
ever, i t  is a distinct liability when performing measurements 
of biological effect in natural environmental situations. Such 
organisms have necessarily undergone selection for traits 
that favor survival in artificial environments with no selec- 
tive advantage given to the capacity to adapt to alterations 
in those environments. Furthermore, physiologicall>. dis- 
tinct races often develop in nature in response to character- 
istics of different localities. Maintenance of laboratory 
stocks may be necessary, but these stocks should be fre- 
quently renewed from fresh isolates representing the gene 
pool and enzymatic adaptations of the inhabitants of the 
particular water mass to which recommendations are to be 
applied. 

The organisms used should be drawn from those that are 
most sensitive or respond most quickly to the substance or 
condition being tested. Bioassays of various life stages of 
these sensitive organisms are desirable. I t  is especially im- 
portant that life stages to be tested include those that will 
most probably encounter the test material as it is,espccted 
to be found in the environment, and that the test organisms 
be acclimated to the test system until the characteristics to 
be measured become constant. 

Some of the foregoing recommendations for selection as- 
sume that the developmental biology of the test organism is 
known. This is not often so in marine biology. Organisms 
should not be excluded from consideration if their absence 
would leave no representatives of local species which tolerate 
the extremes in ranges of natural environmental stress or 
which fill an important ecological niche. 

Once an understanding of both the test material and the 
bioassay organism is established, a test system usually can 
be designed that will permit the organism to encounter the 
test material under circumstances approximating those in 
nature. In  some cases it will be necessary to go to the natural 
water system or to impoundments, live cars, or plastic bags 
in order to obtain a workable approximation of environ- 
mental exposure. Care should be taken that the physical 
system does not interfere with the distribution of the test 
material or the behavior of the organism. The systern se- 
lected should reflect in all important aspects the habitat to 
which the test organism has become adapted. Factors of im- 
portance include feeding behavior, opportunity for diurnal 

I 
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behavior alterations, emergence, sa!inity variations, turb- 
idity, \cater movement, and other factors, depending on the 
organisms being studied. 

The  response or responses to be observed during long- 
term testing must be carefully chosen. A prime requirement 
is that the response being measured bear a demonstrable 
and preferably quantitative relationship to the survival and 
productivity of the test organism or of an organism which is 
directly or indirectly dependent on its activities. For ex- 
ample, a correlation may esist between the levei of a test 
material and the amount of an enzyme present in some tis- 
sue. This is clear evidence that the organism's pattern of 
enerqy utilization has changed, but it should he demon- 
strated that the change in enzyme level is correlated with or 
prcdictive of changes in growth, behavior, reproduction, 
quality of flesh, or some other manifestation to provide an 
immediately meaningful interpretation. 

The  degree to which a response can be reported in quan- 
titative terms affects its usefulness. Behavior, because of a 
hiqh decree of variability, is much more difficult to espress 
numerically than groicth ; and grnwth rneasurr.rnmtn r7rr 

usually disruptive of the system or destructive of the orga- 
nism. ..\ balance must be sought for each system so that 
enouqh organisms and replicate treatments can be used to 
assure an acceptable level of statistical confidence in the 
results. Considerations of equipment rcquirecl, rapidity, 
and simplicity of measurements, the inherent (control) 
variability of the characteristic Iicing measured, and possible 
intcrfcrcncc with the measurement by the substance being 
tested must enter into the choice of measurements and their 
frequency. 

Bioloqical charactcristics that can be measured are in- 
numrrat,le, but some may be singled out as being more 
basic than others. \\.hen a given characteristic reflects many 
divcrsc proccwc", i t  is most useful in intcrpreting results in 
terms of en\.ironmcntal protection. Thus, measurements 01 
reproductive succcss, growth, life span, adaptation to en- 
vironmental stress, feeding behavior, morphology, respira- 
tion, histology, genetic alterations, and biochemical anom- 
alies occupy a descending scale in order of the confidence 
that can be placed in their interpretation. This is not to say 
that profound changes in the structure and function of an 
ecosystem cannot result from subtle, prolonged, low in- 
tensity effects on some cellular process. The  elimination of 
important species by low intensity selective factors is no 
less serious than instantaneous death of those species. In a 
sense, it is more serious, because it  is less likely to be noticed 
and traced to its source in time to permit recovery of the 
ecosystem. 

SUBLETHAL EFFECTS 

h b n y  biological effects of pollution may not show up  in 
the bioassay test for acute tosicity. This would be true if the 
effect were slow to develop, or if the effect were to produce 

a general dcbility :hat might interfere wit11 surne of the 
normal life functions of the organism rather than killing it 
directly. Long-term exposure to sublethal concentrations 
may be necessary to produce the effect, and evaluation ot 
this type of action is difficult in a laboratory analysis. There 
are a number of ways in which pollutants might affect a 
given population without being lethal to the adult organism 
used in the test such as: 

Migrations 

Sublethal concentrations may interfere with the normal 
migration patterns of organisms. The  mechanisms used for 
orientation and navigation by migrating organisms are not 
well known, but in some cases chemotaxis clearly plays an 
important role. For esample, salmon and many other 
anadromous fishes have been excluded from their home 
streams by pollution, though it is not known whether the 
reason is that a chemical cue has been masked or because 
the general chemical environment of pollution is offensive 
to the fish. 

Behavior 

Much of the day-to-day behavior of species may also be 
mediated by means of chemotaxic responses. The finding 
and capture of food or the finding of a mate during the 
breeding season would be included in this category of ac- 
tivity. Again, any pollutant that interfered with the chemo- 
receptors of the organism would interfere with behavioral 
patterns essential to the survival of the population. 

Incidence of Disease 

Long-term esposurc to sublethal concentrations of pollu- 
tants may make an  organism more susceptible to a disease. 
I t  is also possible that some pollutants which are organic in 
nature may provide an environment suitable for the de- 
velopment of disease-producing bacteria or viruses. In such 
cases, even though the pollutant is not directly toxic to the 
adult organism, i t  could have a profound effect on the popu- 
lation of the species over a longer period of time. 

Life Cycle 

The larval forms of many species of organisms are much 
more sensitive to pollution than are the adults, which are 
commonly used in the bioassay. In  many aquatic species 
millions of eggs are produced and fertilized, but only two 
of the larvae produced need to grow to maturity and breed 
in order to maintain the standing stock of the species. For 
these species the pre-adult mortality is enormous even under 

stress on the developing organisms, enough individuals 
might fail to survive to maintain the population of the 
species. 'Interrupting any stage of the life cycle can be as 
disastrous for the population as would death of the adults 
because of acute toxicity. 
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Physiological Processes 

Interference with various physiological processes, with- 
out necessarily causing death in a bioassay test, may also 
interfere with the survival of the species. If photosynthesis 
of the phytoplankton is inhibited, algal growth will be de- 
creased, and the population may be grazed to extinction 
without being directly killed by the toxin. 

Respiration or various other enzymatic processes might 
also be adversely affected by sublethal concentrations of 
pollutants. The effect of DDT and its decomposition pro- 
ducts on the shells of bird eggs is probably the result of 
interference with enzyme systems (Ackefors et al. 1 970).88 
Mercury is a general protoplasmic poison, but it has its 
most damaging effect on the nervous system of mammals. 

Genetic Effects 

Many pollutants produce genetic effects that can have 
long range significance for the survival of a species. Oil and 
other organic pollutants may include both mutagenic and 
carcinogenic compounds. Radioactive contamination can 
cause mutations directly by the action of the radiation on 
the genetic material. From genetic studies in general, it is 
known that a large majority of mutations are detrimental 
to the survival of the young, and many are lethal. Little is 
known about the intensity or frequency of genetic effects of 
pollutants, except for radioactive materials where the muta- 
tion rates have been mcasured in some cases. Induction of 
mutation by contaminants should be reviewed in the con- 
text of the increase of total mutation from all causes. 

Nutrition and Food Chains 

Pollutants may interfere with the nutrition of organisms 
by affecting the ability of an organism to find its prey, by 
interfering uith digestion or assimilation of food, or by con- 
taminating the prey species so that i t  is not a ~ ~ c p t e d  Lvy tlic 
predator. O n  the other hand, if predator species are elimi- 
nated by pollution, the prey species may have an improved 
chance of survival. An example of the latter effcct was 
shown for the kelp resurgence after the oil spill in Tarnpico 
Bay, California (North 19G7).93 The oil killed the sea urchins 
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which used young, newly developing kelp as food. When the 
urchins were killed, the kelp beds developed luxurious 
growth within a few months (see p. 258). 

Effects on the Ecosystem 

The effects of pollution on the aquatic ecosystem are the 
most difficult to evaluate and establish. Each environment 
is somewhat different, but the species inhabiting any given 
environment have evolved over long periods of time, and 
each individual species in a community plays its own role. 
Any additional stress, whether natural or man-made, ap- 
plied to any environment will tend to eliminate some species 
leaving only the more tolerant forms to survive. The  effect 
may be either direct on the species involved or indirect 
through the elimination of some species valuable as a food 
supply. For some of the species in the system the result may 
be beneficial by the removal of their predators or by stimu- 
lated and accelerated growth of their prey. 

Food Value for Human Use 

Sublethal concentrations of pollutants can so taint sea- 
food that it becomes useless as a source of food. Oil can be 
ingested by marine organisms, pass through the wall of the 
gut, and accumulate in the lipid pool. Blunier (1971)s9 
stated that oil in the tissues of shellfish has been shown to 
persist for months after an oil spill; the oil-polluted area 
was closed for shellfishing for a period of 18 months. Sea- 
food may be rendered unfit for human consumption be- 
cause of the accumulation of pollutants. California mackeral 
and coho salmon from Lake Michigan were condemned 
because they contained more D D T  than the permissible 
amount in human food (5 mg/kg). Likewise tuna fish and 
swordfish were removed from the market, because the 
mercury content of the flesh exceeded the Bllowable con- 
centratim (c1.5 mg/Gg). Tllere was no evidence that these 
concentrations had any adverse effect on the fish, or in the 

fish resulted from pollution ; nevertheless their removal 
from the market has adversely affected the economics of the 
fisheries. 

. . 
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TEMPERATURE AND HEAT 

An extensive discussion of heat and temperature is pre- 
sented in Section I11 on Freshwater Aquatic Life and 
IVildlife (pp. 151-171). Although we accept those recom- 
mendations concerning temperature, there are certain char- 
acteristics of the marine environment that are unique and 
require e:zxciztkz. Soiiiz of iiic ciiaracierisrics of rne 
marine environment have been discussed in the introduction 
to this Section showing that the range of variability is 
greatest in the estuary, considerably less in the coastal 
waters, and even less in the surface waters of the open 
ocean; and that conditions in the deep ocean are virtually 
constant. Among the most important variables shown in the 
changes is temperature, although salinity variations are 
equally important under certain conditions. 

The seasonal range of temperature variations is greatest 
in the temperate regions and becomes less as one approaches 
either the tropics or the poles. In  the United States, the 
maximum seasonal temperature variation is found in the 
coastal waters on the southern side of Cape Cod, Massa- 
chusetts, where in winter the water may be freezing a t  
-2.8 C and in summer the inshore coastal waters reach 
temperatures of 23 C, or even 25 C over wide shoal areas. 
At the same latitude on the Pacific coast, the water is neither 
so cold in the winter nor so warm in the summer. North 
of Cape Cod, the water is as cold in the winter time, but it 
does not reach as high a summer temperature; and south 
of Cape Cod the waters rarely reach a freezing point in 
winter. 

Hutchins (1 947)lm discusses these ranges of variations 
and illustrates how they affect geographical distribution of 
marine species on the Atlantic European coasts and on the 
east and west coasts of the United States. As is obvious from 
the above comments, Cape Cod is a geographical boundary 
in the summertime but not in winter. Because temperature _-.. b.vLLLIvL uuLll i:ic 'uiccciirig cycie ana  survivai of orga- 
nisms, a variety of different geographical distributions can 
be dominated by the temperature variations at  various 
locations along the coast (Hutchins 1947).'O0 

There is increasing pressure to site power plants in the 
coastal zone because of the large available supply of water 
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for cooling purposes. In  1969 there were over 86 fossil fuel 
power plants in the eastern coastal zones (Sorge 1969)"' 
and 32 on the west coast (Adams 1969).9a In  addition, 
nuclear power plants are in operation, and many more are 
planned for siting on the coast in the future. Provided that 
the temperatures are kept within the limit prescribed in 
the recommendations and  t h a t  the rpc~n?mcr?dlticns fcr 
mixing zones (pp. 228-232) are complied with, these heated 
effluents may have no serious impact on the marine en- 
vironment. However, organisms passing through the cooling 
system of the power plants may be killed either by the direct 
effect of temperature, by pressure changes in the system, or 
by chlorination if it is used to keep the cooling system free 
of attached growth. 

In  the tropics, disposal of waste heat in the marine en- 
vironment may be impossible in the summertime. Bader 
and Roessler ( 1972)99 discussed the temperature problems 
created by the power plants at  Turkey Point, near Miami, 
Florida. Thorhaug et al. (1972)'02 showed that tropical 
marine organisms live precariously close to their upper 
thermal limit and are thus susceptible to the stress of ad- 
ditional thermal effluents. To  abide by the temperature 
recommendations in tropical waters, i t  is generally neces- 
sary to prohibit discharge of heated effluents during the 
summertime. 

It  is clear from this and from the discussion in Section 
I11 that additional studies will be needed on the temperature 
tolerances of the species directly involved. Organisms from 
estuaries and marine waters have not been studied as 
extensively as have freshwater fishes, but some data are 
included in the tabular material in the freshwater report. 
O n  the basis of information available at  this time, the 
marine panel-finds that the recommendations in Section 
111, Freshwater Aquatic Life and Wildlife, appear to be 
valid for the estuarine and marine waters as well (see pp. 
im, 161, 164, 165, ..?d !~6-!7! cf seCt:icn !E>. 

INOR6ANIC CHEMICALS, INCLUDING HEAVY METALS 
AND pw 

The hazardous and biologically active inorganic chemi- 
cals are a source of both local and world-wide threats to 
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the marine environment. Certain of these chemicals may 
pose no immediate danger but may lead to undesirable 
long-term changes. Others, such as boron, may pose serious 
health hazards and yet have poorly understood biological 
effects in the marine environment. Nevertheless, they can 
be a significant constituent in certain waste waters and 
should be discussed here. 

The inorganic chemicals that have been considered in 
this study are listed alphabetically in Table IV-2 ; those 
most significant to the protection of the marine environment 
are discussed below. 

TABLE IV-2-Inorganic Chemicals to  be Considered in Woter 
Quality Criteria for  Aquatic Life in the Marine Environment 

Elements Equilibrium species (reaction) Natural concentration Pollution 
in sed wateropgll mlegoriesb 

Aluminum.. .......... AI(OH)J. solubility of AI& appro!. lOOpg/l IO I V  c 
Ammonia ............. NHI. NHI+ ..................... I V C  
Antimony ............. Sb(OH).- 0.45 I V C ?  
Arsenic.. ............. As:& is oxidized l o  H A s O P  2.6 II c 
Barium ............... Ba?f 20 I V  c 
Beryllium.. ........... Be(OH),. solubility 01 Be0 appro:. Nlpgll 0.0006 I V  c ?  
Bismuth.. ............ B i ( O H h  solubilily of Bi& is unknown (low) 0.02 I V  c 7 
Boron., .............. B(OH)I. B(OHh- 4 . 5 x t P  I V c  
Bromine .............. BrO, HBrO. Br- 6.JxlO' I V c  
Cadmium ............. CdCI+. CdCI?. CdCh- (the last bo are probably 0.02 I I  c 

Calcium .............. Caw 4.lXIO' I V C  
Chlorine .............. El? H C l O  ..................... I V C  
Chromium.. .......... Cr(OH),, solubilily 01 C r d h  unknown (low) 0.04 I V C ?  
Coball ................ Co* 0.4 I V  c 
Copper ............... C u e ,  CuOH+. C u H C O I ,  CuCOa(probab1y main 1 IV c 

form) CuCl+. completed also by dissolved 
imino acids 

the main lormr) 

Cyanide.. ............ H C N  (Kc), CN- (10%) ..................... 111 c 
Fluoride.. ............ f- (59'2, MfF+ (9%) I340 I V  c 
Gold ................. AUCI?- .01-2 I V C  
Hydrogen Ion (Acids). . HCl+HC03--HzO+CI-+CO? pH=S(alk=0.0024 M) 111 C 

.. YiSO:I?YFn:--?n,n+sn.r+ico. 
......... Fe(OH)3. solubility 01 FsOOH appro!. 5 p i l l  IO I V  c 
......... Pb*. PbOH+. PbHCOz+, PbCOt.PbSO4. P b C r  0.02 I t  

. (probabiy main lorm) 
Magntsium.. ......... Mg:+ 1.3X106 I V C  
Manganese.. ......... Mn* 2 I V  c 
Mercury.. ............ HgCI?. HgClJ-, H t C P  (main form) 0. I I b  
Molybdenum .......... MOO$- IO I V  c 
Nickel ................ Ni* 7 111 c 

S.Jx1oZ 111 c 
phosphorus rwclr dowly to phwhats 

Selenium ............ SeOZ-  0.45 111 c ? 
Silicon.. ............. SI(OH),. SIO(OH)l- 3x102 IVr  

0.3 111 c 

HIPOI- and HPOZ- 

Thallium ............. TI+ 
Tibnium..  ........... Ti(OH),, solubility 01 Ti02 unknwn (low) 2 IV b ? 
Uranium .............. UOdCOlh*- 3 111 c 
Vanadium.. .......... V030H- 2 I V I ?  
Zinc. ........ L n n ,  ZnOH+. ZnCOr Z n C r  (probably main 1 111 c 

form) 

'There values are appro~imate but t h q  ari  reprcrenbtira lor low levels in unpollulcd SM water. 
1-IV order of deuwdng menace; i-worldwide. b-rqional. c-lncal (waslal, bdys estuaries. dngls dumpings). 

7 indiolcsIomsquestionoith~rankingaramcnaw and/Mwheth~rthepoll~tionaleneclisloal,rqi~nal,orwald. 
wide. 

W f e d  and modifled from the Rrparlvl tho Ssmirur on Methods VI Dstalivn. Mslrursmenlrnd Monitoringol 
h l l u b n l r  in the Marine Environment Food and Agriculture Organization 1911lM. 
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Forms of Chemical and Environmental Interactions I 

The form in which a chemical appears in the environment 
depends on the chemical and physical characteristics of the 
element, its stability, and the characteristics of the environ- 
ment in which it is found. An element that is easily reduced 
or oxidized \vi11 undergo rapid changes, especially in sedi- 
ments that alternate between oxidized and reduced states; 
while an element that is highly stable, such as gold, \vi11 
retain its elemental identity in virtually all environmental 
conditions. Most elements are found in combined states, 
such as ore which can be a sulfide or a complcx mineral 
containing oxygen, silica, and sulfur. 

Certain elements are released into the environment by 
the processing of ores. Cadmium, for example, is not found 
uncomliined in nature to any large extent bu t  is a com- 
mercial by-product of zinc smelting. Other metallic clc- 
nients can lie brought into solution by the action of Iiactcria. 
Contamination from base metals may arise in abandoned 
mines, where tailings or slag heaps are attackcd I J ~  physical 
and chemical weathering processes and bacteria to allow 
leaching of metallic ions into receiving watcrs. In strip 
mining, sulfides are oxidized to produce sulfuric acid. which 
may lie a pollutant in itself or help to bring certain clcments 
into solution. 

The action of liactcria also transforms mctals in anothcr 
way. I n  anaerobic sediments, bacteria can convcrt in- 
organic metallic mercury into methyl mercury compounds. 
Such organo-metallic complexes are highly toxic to mam- 
mals, including man. 

Biological Effects 

Acute toxicity data for inorganic chemical compounds 
under controlled laboratory conditions, as represented for 
example by 96-hour LC50, are presented in Appendix 111, 
Table 1, (pp. 449-460). Because of the iack oi marine data, 
most of the information is based on freshLvater bioassay 
data, which provide some measure of acute toxicity for the 
marine environment as well. 

The  concentrations of elements a t  which sublethal, 
chronic effects become manifest are also important. Sub- 
lethal concentrations of pollutants can have serious conse- 
quences in estuaries where migrating anadromous fishes 
linger to become acclimatized to changing salinities. Al- 
though the fish may not be killed outright, the stress of 
the sublethal concentrations may cause biochemical and 
physiological deficiencies that could impair life processes 
of the fish, preventing migrating adults from reaching their 
spawning grounds or reproducing. Pippy and Hare (1969)*47 
suggested that heavy metals put fish under stress and may 
lead to infestation by diseases. Appendix 111, Table 2 
(pp. 461-468), summarizes data on the sublethal chronic 
effects of inorganic chemicals on fish and other aquatic 
organisms. As in Appendix 111, Table 1, information on 
freshwater organisms has been included because of the 
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pzgcity of tests in sea water. There  is a c h i  need for 
toxicological work on the sublethal effects of pollutants on 
marine organisms. 

A t  low concentrations, many elements are necessary to 
life processes, while a t  higher concentrations the same 
elements may be tosic. T h e  effects of long-term esposure 
to low levels of most chemicals, singly or in combination, 
a re  generally unknown. 

Laboratory bioassays a re  conducted under controlled 
conditions usually with single chemicals. Such tests providc 
tosicological information that  must precede studies with 
mistures closer to actual conditions. These misturcs must 
reflect the conditions a n d  the composition of water in specific 
areas of discharge, because substances are rarely isolated 
when found in the environment. T h e  probabilities of syner- 
gism a n d  antagonism are enhanced by increased complesity 
of effluents. Synergism and antagonism in the environment 
a re  poorly understood. Copper is more toxic in soft water 
than  in hard water where the calcium and the magnesium 
salts contriliuting to water hardness tend to limit or an-  
tagonizc copper tou i r i ty  A r v n i r  rrr?ders :e!cr?i=rr. !PS: tcxic 
a n d  has been added to feeds for cattle and poultry in areas 
high in selenium. A s  examples of synergism, copper is 
consicleral~ly more tosic in the presence of mercury, zinc, 
o r  cadmium salts (LaRoche 1972),?’I and cadmium makes 
zinc and  cyanide more tosic. Synergism or a n  tagonisrn is 
expected to occur more frequently in water containing 
numerous chemical compounds than in one with few such 
compounds. Therefore, a complex chemical medium such 
as sea water can increase the prolialiility of synergism or 
antagonism when a pollutant is introduced. 

T h e  effects of pollutants can lie considered in terms of 
their biological end points. Such irrevcrsitile effects as 
carcinogenesis, rnutagencsis, and teratogenesis provide 
identifialile end points in terms of Iiiological consequences 
of pollutants. T h e  effects of substances may vary with 
species or  with stages of the life cycle (Sce Mcthods of 
Assessment, p. 233). 

A distinction must be made  between the effects of pol- 
lutants  harmful to the quality of a n  organism as a product 
for human consumption and  those harmful to the organism 
itself. \Vhile the levels of mercury that render fish unac- 
ceptable for marketing d o  not, on  the basis of the limited 
information available at  this time, appear  to have a n y  
adverse effect on  the fish themselves, they cause condem- 
nation of the product for human consumption. This  may 
also be true for other elements that lend themselves to bio- 
accumulation. Elemental phosphorus leads to illness a n d  
eventual mortality of fish themselves (Jangaard 1970).”’ 
A t  the cor?ccc~r2!isr?s e!’ ph~sphcrzs Fc-nd Ir. :he !i:.cr nzd 
other vital organs, the fish may have been toxic to human 
beings as well. T h e  recommendations for the elements sub- 
ject to biological accumulation in the marine environment 
must be set a t  a low level to protect the organisms. There  
is also need ’0 establish recommendations based on  human 

hraltli, and a need to protect the economic value of’fisheries 
affected by accumulations of some of these elements. 

D a t a  on the accumulation of inorganic chemicals by 
aquatic organisms are  given in Appendix 111, Table  3 
(pp.  469-480). T h e  maximum permissible concentrations 
of inorganic chemicals in food and water, as prescribed by 
the U.S. Food and  Drug Administration and  by drinking 
water standards of various agencies, are given in Appendix 
111. Table  4 (pp. 481-4821. 

T h e  elements essential to plant a n d  animal nutrition in 
the marine environments have been inclucled in Table 
IV-2. They constitute some of the ordinary nutrients, e.g., 
silicon and  nitrate, as \vel1 as the micro-constituents, such 
as iron, molybdenum, and  cobalt. Although i t  is recognized 
that  these eleinents are required for algal nutrition, one 
must not be caught in the misconception that “if  a little 
is good, a lot is better.” 

Metals 

?:!C:Z!S rcach :hc iiizi-ii,? eri\ i i .u i i i i l c i i t  tiirough a variety 
of routes, including natural weathering as \vel1 as municipal 
and  industrial discharges. Metals are  particularly susceptilAe 
to concentration I J ~  invertelxatcs. Vinogradov’s ( I  953)294 
classic work on  the accumulation of metals by organisms 
in the marine environment has Iieen evpanded in more 
recent treatises (Fukai a n d  Meinkc 1962,1G6 Polikarpov 
1966,’49 Bowen e t  al. 1971,129 Lowman et  al. 1971).221 

Metals present in the marine environment in a n  as- 
similalile form usually unclcrgo I~ioaccumiilation through 
the food chain. Thus, elements present in low concentrations 
in the water may be accumulated many thousandfold in 
certain organisms. Estaldished maximum permissil~le levels 
of some of these metallic ions render fish unacceptable for 
the commercial market (U.S. Department of Health, Edu- 
cation, and \\’elfare, Food and  Drug Administration 1971 ,286 

Kolbye 197O‘OG). Food and  drug  control agencies must 
impose stringent requirements on the content of certain 
hazardous elernents, such as mercury, which, during 1970, 
led to condemnation of much of the fish caught in waters 
of the Canadian Prairies a n d  the southern Great  Lakes. 
M u c h  of the swordfish and  about  25 per cent of the tuna  
caught  by the Japanese have esceeded the maximum per- 
missible limit (\Vallate e t  al. 1971).?’j 

Studies conducted on Atlantic salmon (Salmo salur) in 
St. Andrew’s, New Brunswick, show that  low concentrations 
of zinc and  copper mixtures will set u p  avoidance reactions 
(Sprague 1 965,26s Sprague and  Saunders 1963?”). Adult 
salmon migrating to spawn can  be diverted by low concen- 
tirct;Ujlrb UT iiirse base metais such as those leached irom 
mine tailings. There  a re  indications that  as much as 25 
per cent of spawning salmon (Sulmo salar) may return to sea 
without going through the spawning act if concentrations 
of zinc and  copper are high enough to induce avoidance 
reactions (Sprague 1965).268 There may be other similar 
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important behavioral reactions stimulated by low concen- 
trations of some of tlie metals. 

In  the following review of different inorganic constituents, 
the total amount of each element is considered in tlie dis- 
cussion and  recommendation, unless otherwise stated. 
\Yhereas sonic of the methods of analysis for constituents 
recommended for fresh water and waste \vater can also be 
used in marine environments, the interference froin salt 
demands other specialized techniques for many clenicnts 
(Strickland and Parsons 1 9G8,?73 Food and .Agricul turc 
Organization 197 

Not only has the recent literature Ixcn revie\ved in this 
examination of the properties and effects of inorganic con- 
stituents, but various Iiililiographic and  other standard 
references have I.)ccn lilicrally consulteci (The h4erck I n d c s  
1 9GO:??s h4cKec and \,\'elf I 9G3,??G \\7illxr 1 9G9,299 NRC 
Committcc on Oceanography 1971 ,?37 U.S. Department of 
tlie Interior Federal Water Pollution Control .4clminis- 
tration 1 9G8:?s7 Canada  Interdepartmcntal Committee on 
\\'a tcr 1 97 1 13B). 

Alkalinity or Buffer Capacity, Carbon Dioxide, and pH 

T h e  chemistry of sea water diflkrs from that of frcsli 
\vater largely Iiecausc of the presence of salts, the major 
constituents of \vhich are present in sea \vater in constant 
proportion. The \veak-acid salts, such as the carl>oiiatcs, 
Ijicarl,onates, and borates, contribute to thc high Imffering 
capacity or alkalinity of sca water. This Iiuffering po\ver 
renders m a n y  \vastcs of a highly acidic or alkaline nature, 
\chicIi are  often highly toxic in frcsli \vatcr, comparati\~cIy 
innocuous after mising with sea ivater. 

T h e  coinplcs carbon dioxicle-liicarlioiiate-carl,onatc sys- 
tell1 in the sea is clescrilxcl in standard testl,ooks (Svcrdrup 
et al. 1 91G,27G Skirroiv 1 cjG53G4). Alkalinity and the hydrogen- 
icln ronccntrat ion~ as cxpressccl liy p H  (Strickland and 
Parsons 19G8):273 are the liest measure of the .effects of 
highly acidic or highly alkaline \vastcs. 

European Inland Fishcries Aclvisory Commission 
( 1  969)lbS and  K e m p  ( 1  97 I)?"? revicivcd the p H  require- 
mcnts of freshwater fishes. Because of tlie large difference 
in Iiuffer capacities, techniques for mcasureinent and defi- 
nitions of alkalinity are quite difTerent for marine ancl fresh 
waters. T h e  normal range of p H  encountered in fresh water 
is considerably wider than that found in sea water, and for 
this reason, freshwater communities are adapted to greater 
p H  extremes than ai:e marine communities. 

Sea water normally varies in p H  from surface to bottom 
because of the carbon diosidc-bicarbonate-carlionate equi- 
libria. Photosynthetic and  respiratory processes also con- 
tribute to variations in p H .  At the sea surface, the p H  
normally varies from 8.0 to 8.3, depending on tlie partial 
pressure of carlion dioxide in the atmosphere and the 
salinity and temperature of the water. A large uptake of 
carlion dioxide during photosynthesis in the euphotic zone 
leads to high p H  values exceeding 8.5 in exceptional cases. 

Release of carbon dioxide during decomposition in inter- 
mediate and  bottom waters results in a lo\vering of p H .  
In shallow, Iiiologically-active waters, particularly in \<arm 
tropical a n d  sul~tropical areas, there is a large diurnal 
variation in p H  with values ranging from a high of 9.5 in 
the daytime to a lo\\ of 7.3 a t  night or in the carly morning. 

T h e  toxicity of most pollutants increases as the p H  in- 
creases or decreases from neutral ( p H  7). This is true for 
complex mixtures, such as pulp mill effluents ( H o \ \ m d  
ancl \\;aldcn I 965):Is3 for constituents which dissociate a t  
different p H  (e.g., H?S and  H C N ) ,  and for heavy metals. 
T h e  toxicity of certain complexes can change drastically 
\\.it11 pH.  Nickel cyanide exhibits a thousandfold incrcase 
in toxicity \vith a 1.5 unit decrease in p H  from 8.0 to 6.5  
(Robert A .  Taft Sanitary Engineering Center 1 9ri3:?j5 
DoudorofT et al. 19GG'5?). p H  may also cletcrniinc the 
degree of dissociation of salts, some of which are morc toxic 
in the molecular form than in the ionic form. Soclium 
sulfide is increasingly tosic with decreasing p H  as S- ancl 
HS- ions are converted to HZS (Jones 1948).?O" T h e  tolcr- 
ancc of fish to low concentrations of dissolvccl osygcn, high 
temperatures, cations, and anions varies ivith p H .  There- 
fore, non-injurious p H  deviations and ranges clcpcncl on 
local conditions. 

There are large fluctuations in natural pH in the marine 
environment . Ch angcs in p H  i nd ica te t h a t t he Iiu fTe rin g 
capacity of the sea water has I,een altcrcd and the carljon 
dioxide cquililiria have shifted. T h e  time required for niising 
of a n  emucnt with a large volume of sea \vnter is cscccclingly 
important. \\:hen the p H  of the receiving sea \cater uncler- 
goes an increase or clccreasc, its duration can lie important  
to the survival of organisms. At present? there are not 
sunicicnt data  with \\.hich to assign time limits to large 
dcparturcs of p H .  

Fish tolerate moderately large pN changes in thc middle 
of their normal pH ranges. Smaii pi3 changes ai iiic I i i i i i i j  
of their ranges and also in the presence of some pollutants 
can have significant deleterious effects. 

Plankton and benthic invertebrates are prolialdy more 
sensitive than fish to changes in pH.  Oysters appear to  
perform Iiest in Ixackish waters when tlie p H  is allout 7.0. 
.At a p H  of 6.5 and lotver, the rate  of pumping decreases 
notably, and  the time the shells rcmain open is reduced 
b y  90 per cent (Loosanoff and Tommers 1948,?19 Korringa 
1352?07). Oyster larvae are impaired a t  a pH of 9.0 a n d  
killed a t  9.1 in a few hours (Gaarder 1932).L67 T h e  upper  
p H  limit for crabs is 10.2 (Meinck et  al. 195G).227 

Recommendation 

Changes in sea .water pH should be avoided. The 
effects of pH alteration depend on the specific con- 
ditions. In any case, the normal range of pH in 
either direction should not be extended by more 
than 0.2 units. Within the normal range, the pH 
should not vary by more than 0.5 pH units. Ad- 
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dition of foreign material shou!d not drop the pH 
below 6.5 or raise it  above 8.5. 

Aluminum 

Aluminum, one of the most abundant elements in the 
earth's crust, does not occur in its elemental form in nature. 
I t  is found as a constituent in all soils, plants, and animal 
tissues. Aluminum is an  amphoteric metal; it may be in 
solution as a weak acid, or it may assume the form of a 
flocculent hydroxide, depending on the pH. In  the alumi- 
num sulfate form (alum), it is used in water treatment as a 
coagulant for suspended solids, including colloidal materials 
and microorganisms. 

Aluminum may be adsorbed on plant organisms, but 
very little ingested by animals is absorbed through the 
alimentary canal. Goldberg et  al. (1971)172 reported an 
aluminum concentration factor for phytoplankton (Sur- 
gassum) ash of 65 and for zooplankton ash of 300. However, 
Lowman et al. (1971),221 in their compilation of concen- 
tration factors for various elements, noted that aluminum 
was reported to be concentrated 15;OOO times in hcnthir 
algae, 10,000 times in plankton (phyto- and zoo-), 9,000 
times in the soft parts'of molluscs, 12,000 times in crustacean 
muscle, and 10,000 times in fish muscle. 

In fresh water, the toxicity of aluminum salts varies with 
hardness, turbidity, and pH. Jones (1939)Ig8 found the 
lethal threshold of aluminum nitrate for stickleback 
(Gosterosleus oculeatus) in very soft water to be 0.07 mg/l. 
Using tap water with the same compound tested on the 
same species, Anderson ( 1948)11* reported a toxic threshold 
of less than 5X molar aluminum chloride (1.35 mg/l 
Al). Average survival times of stickleback in different con- 
centrations of aluminum in the nitrate form have been 
reported as one day a t  0.3 mg/l and one week a t  0.1 mg/l 
(Doudoroff and Katz 1953).150 I t  was noted by the same 
authors that 0.27 mg/l aluminum in the nitrate form did 
not apparently harm young eels in 50 hours' exposure. 

Because of the slightly basic nature of sea water, alumi- 
num salts tend to precipitate in the marine environment. 
These salts have exhibited comparatively low toxicities with 
96-hour LC5O's of 17.8 mg/l for redfish tested in sea water 
with aluminum chloride (Pulley 1950).252 Concentrations 
of 8.9 mg/l of aluminum (from AlCl3) did not have a lethal 
effect on marine fish and oysters tested (Cynoscion ncbulosus, 
Sciaenops oscellat us, Fundulus grandis, Fundulus sirnilis, Cyprindon 
vuriegotus, Ostrea virginica) (Pulley 1950) .252 The flocs of 
precipitated aluminum hydroxide may affect rooted 
aquatics and invertebrate benthos. Wilder (1 952)3w noted 
no significant effect on lobsters (Homarus amcricanus) of a 
tank lined with an  aluminum alloy (Mnj ! ?n 1.5 ppr ccr~ t ;  
Fe, 0.7 per cent; Si, 0.6 per cent; Cu, 0.2 per cent, and Zn, 
0.1 per cent). 

Aluminum hydroxide can have an adverse effect on 
bottom communities. Special precautions should be taken 
to avoid disposal of aluminum-containing wastes in water 

supporting commerciai populations of clams, scallops, 
oysters, shrimps, lobsters, crabs, or bottom fishes. 

Recommendation 

Because aluminum tends to be concentrated by 
marine organisms, it is recommended that an 
application factor of 0.01 be applied to marine 
96-hour LC50 data for the appropriate organisms 
most sensitive to aluminum. On the basis of data 
available at this time, it is suggested that concen- 
trations of aluminum exceeding 1.5 mg/l consti- 
tute a hazard in the marine environment, and 
levels less than 0.2 mg/l present minimal risk of 
deleterious effects. 

Ammonia 

Most of the available information on toxicity of ammonia 
is for freshwater organisms. For this reason, the reader is 
referred to the discussion of ammonia in Section I11 on 
Freshwater Aquatic Life and IVildlife (p. 186). Because of 

proportion of un-ionized ammonium hydroxide, ammonia 
may be more toxic in sea water than in fresh water 
(Doudoroff and Katz 1961).15' Holland et  al. (1960)Is2 
noted a reduction in growth and a loss of equilibrium in 
chinook salmon (Oncorhynchus tshawytscha) at concentrations 
3.5 to 10 mg/l of ammonia. Dissolved oxygen and carbon 
dioxide decrease the toxicity of ammonia (U.K. Depart- 
ment of Science and Research 1961).284 Lloyd and Orr 
(1969),217 in their studies on the effect of un-ionized am- 
monia at  a pH of 8 to IO, found 100 per cent mortality 
with 0.44 mg/l NH3 in 3 hours for rainbow trout (Sulmo 
guirdneri). This confirmed earlier results of 100 per cent 
mortality in 24 hours a t  0.4 mg/l. The tosicity increased 
with pH between 7.0 and 8.2. 

Recommendation 

I t  is recommended that an application factor of 
0.1 be applied to marine 96-hour LC50 data for the 
appropriate organisms most sensitive to ammonia. 
On the basis of freshwater data available at this 
time, it is suggested that concentrations of un- 
ionized ammonia equal to or exceeding 0.4 mg/l 
constitute a hazard to the marine biota, and levels 
less than 0.01 mg/l present minimal risk of dele- 
terious effects. 

Antimony 

Antimony occurs chiefly as sulfide (stibnite) or as the 
-.,,A"" LLn ~ -__-_ y a L . L L L I ;  .:-- \ O U 2 V 4 /  I C L  n \ dIiJ vaicnrinire (Sb2G3j ana is 
used for alloys and other metallurgical purposes. I t  has 
also been used in a variety of medicinal preparations and 
in numerous industrial applications. Antimony salts are 
used in the fireworks, rubber, textile, ceramic, glass and 
paint industries. 

+ha ... r .,"5".*, -I:-h+l.. h:-h-- * . . g L . L ,  a:'r;a:ii,ipy 0; and iarger 
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Few of the salts of antimony have been tested on fish in 
bioassays, particularly in sea water. However, antimony 
potassium tartrate (“tartar emetic”) gave a 96-hour LC50 
as antimony of 20 mg/l in soft water and 12 mg/l in hard 
water (Tarzwell and Henderson 1956,2’7 1 960278). Cellular 
division of green algae was hindered at  3.5 mg/l, and 
movement of Duphniu was retarded at 9 mg/l (Bringmann 
and Kuhn 1959a).I3I Antimony trichloride, used in acid 
solution as a mordant for patent leather and in dyeing, was 
examined in exploratory tests on fathead minnows 
(Pimephalespromelas) and gave a 96-hour LC50 as antimony 
of 9 mg/l in soft water and 17 mg/l in hard water (Tarzwell 
and Henderson 1 960).278 Applegate et al. ( 1  957)”‘ reported 
that rainbow trout (Salmo gairdneri), bluegill sunfish (Lepomis 
macrochirus), and sea lamprey (Pertomycon marinus) were un- 
affected by 5 mg/l of SbCI3 or SbCIb in Lake Huron water 
a t  13 C, saturated with dissolved oxygen, and pH 7.5 to 8.2. 
Jernejcic (1969)Ig3 noted that as little as 1.0 mg/l of anti- 
mony in the form of tartar emetic caused projectile vomiting 
in large mouth bass (Micropterus salmoides). 

Antimony can be concentrated by various marine forms 
to over 300 times the amount present in sea water*(Goldberg 
1957,171 Noddack and Noddack 1939240). 

Recommendation 

Because of the hazard of antimony poisoning to 
humans and the possible concentration of anti- 
mony by edible marine organisms, it is recom- 
mended that an application factor of 0.02 be ap- 
plied to marine 96-hour LC50 data for the ap- 
propriate organisms most sensitive to antimony. 
On the basis of data available at this time, it is 
suggested that concentrations of antimony equal 
to or exceeding 0.2 mg/l constitute a hazard in the 
iiiaiiiie enviicnment. There are insufficient data 
available at this time to recommend a level that 
would present minimal risk of deleterious effects. 

Arsenic 

Arsenic occurs in nature mostly as arsenides or pyrites. 
I t  is also found occasionally in the elemental form. Its 
consumption in the U.S. in 1968 amounted to 25,000 tons 
as AS203 (U.S. Department of the Interior, Bureau of 
Mines 1969).288 Arsenic is used in the manufacture of glass, 
pigments, textiles, paper, metal adhesives, ceramics, li- 
noleum, and mirrors (Sullivan 1969),274 and its compounds 
are used in pesticides, wood preservatives, paints, and 
electrical semiconductors. Because of its poisonous action 
on microorganisms and lower forms of destructive aquatic 
organisms, it has been used in wood preservatives, paints, 
insecticides, and herbicides. Sodium arsentite has been used 
for weed control in lakes and in electrical semiconductors. 

In small concentrations, arsenic is found naturally in 
some bodies of water. In its different forms, including its 
valence states, arsenic varies in toxicity. Trivalent arsenic 

is considerably more toxic than the pentavalent species in 
the inorganic form. It is acutely toxic to invertebrates and 
for this reason has found application in the control of 
7eredo and other woodborers in the A S 3  form. Arsenious 
trioxide (AS203) has been used for control of the shipworm 
Bankia setaciu. In the arsenate form   AS+^), i t  is of relatively 
low toxicity, Duphnia being just immobilized at 18 to 31 
mg/l sodium arsenate, or 4.3 to 7.5 mg/l as arsenic, in 
Lake Erie water (Anderson 1944,”O 1946lll). The lethal 
threshold of sodium arsenate for minnows has been reported 
as 234 mg/l as arsenic at 16 to 20 C (M’ilber 1969).?99 

Arsenic is normally present in sea water at concentrations 
of 2 to 3 pg/l and tends to be accumulated by oysters and 
other molluscan shellfish (Sautet et al. 1964?25s Lowman 
et al. 197Iz2’). \Vilber (1969)299 reported concentrations of 
100 mg/kg in shellfish. Arsenic is a cumulative poison and 
has long-term chronic effects on both aquatic organisms 
and on mammalian species. A succession of small doses may 
add up to a final lethal dose (Buchanan 1962).’35 The acute 
effects of arsenic and its compounds on aquatic organisms 
have been investigated, but little has been done on the sub- 
lethal chronic effects. 

Surber and Meehan (1931)275 found that fish-food orga- 
nisms generally can withstand concentrations of approsi- 
mately 1.73 mg/l of arsenious trioside in sodium arsenite 
solution. Meinck et al. (1956)227 reported that arsenic con- 
centrations were toxic at 1 .1  to 2.2 mgjl to pike perch 
(Stizostt-dion vitreum) in 2 days, 2.2 mgjl to bleak in 3 days, 
3.1 mg/l to carp (Cyrinus carpio) in 4 to 6 days and to eels 
in 3 days, and 4.3 mg/l to crabs in 1 1  days. 

Recommendation 

Because of the tendency of arsenic to be concen- 
trated by aquatic organisms, it is recommended 
that an application factor of 0.01 be applied to 
marine 96-hour LC50 data for the appropriate 
organisms most sensitive to arsenic. On the basis 
of freshwater and marine toxicity data available, 
it is suggested that concentrations of arsenic equal 
to or exceeding 0.05 mg/l constitute a hazard in 
the marine environment, and levels less than 0.01 
mg/l present minimal risk of deleterious effects. 

Barium 

Barium comes largely from ores (BaS04, BaC03). I t  is 
being used increasingly in industry. The U.S. consumption 
in 1968 was 1.6 million tons, a growth of 78 per cent in 
20 years (U.S. Department of the Interior, Bureau of 
Mines 1969).289 Barium is used in a variety of industrial 
applications, including paper manufacturing, fabric printing 
and dyeing, and synthetic rubber production. 

All water- or acid-soluble barium compounds are poi- 
sonous. However, in sea water the sulfate and carbonate 
present tend to precipitate barium. The concentration of 
barium in sea water is generally accepted at  about 20 pg/l 



(Golilljerg et al. l97i),l7? although it has been reported as 
low as 6.2 pg/l (Bo\\.cn 1956).1?s \Volgemuth and Broccker 
(1970)305 reported a range of 8 to 14 pg/1 in the Atlantic 
and 8 to 31 pg/1 in the Pacific, with the lower values in 
surface waters: Barium ions are thought to tie rapidly 
precipitated or removed from solution by adsorption and 
sed i mentation. 

Bijan and Dcschiens (1956)IZ3 reported that I O  to 15 
mg/1 of barium chloridc were lethal to an aquatic plant 
and two species of snails. Bioassays with barium chloride 
showed that a 72-hour exposure to 50 mg/l harmed the 
nervous system of coho salmon (OticorJyncJius kisiikh) and 
158 mg/l killed 90 per cent of the test species (ORSXXCO 
1 960).245 Barium can IJC conccntrated in goldfish (Carassius 
ni/ru!i/s) I J Y  a factor of 150 (Templeton 1958).?79 Soviet 
marine radioactivity studies showccl accumulation of radio- 
active harium in organs. Iioncs, scales, and gills of fish 
from the Kortheast Pacific (Moiseev and Kardashev 
1964230). Lo\vnian et al. (1971)”’ listed a concentration 
factor for Iiarium of 17.000 i n  phytoplankton, 900 in ZOO- 

In vie\\. of the widespread use of Iiarium, the effects of 
low doses of this element and its compounds on marine 
organisms under different environmental conditions should 
be determined. Disposal of Inrium-containing wastes into 
waters when precipitates could affect rooted aquatics and 
benthic invertebrates should tie avoided. 

p!”!?ktcz, 2:x! e i:: !% ;nusc!c. 

Recommendation 

Because of the apparent concentration of barium 
by aquatic Organisms and the resultant human 
health hazard, i t  is recommended that an appli- 
cation factor of 0.05 be applied to marine 96-hour 
LC50 data for the appropriate organisms most 
sensitive to barium. On the basis of data available 
at this. time, it is suggested that concentrations of 
barium equal to or exceeding 1.0 mg/l constitute 
a hazard in the marine environment, and levels 
less than 0.5 mg/l present minimal risk of dele- 
terious effects. 

Beryllium 

Beryllium is found mainly in the mineral beryl and is 
almost nonesistent in natural waters. Its concentration in 
sea water is 6 X  IO-‘ pg/l. Beryllium is used in a number of 
manufacturing processes, in electroplating, and as a catalyst 
in organic chemical manufacture. I t  has also been used 
esperimentally in rocket fuels and in nuclear reactors 
(Council on Environmental Quality 1971).144 In  1968, the 
V.S. eoii;nfiipiiull ui iJeryiiiuin was 8,714 tons, a 5UU per 
cent increase over 1948 (U.S. Department of the Interior, 
Bureau of Mines 1969).2s9 

Beryllium has been shown to inhibit photosynthesis in 
terrestrial plants (Bollard and Butler 1966).Iz7 It  would be 
of interest to know if there is any inhibition of photo- 

synthesis by beryllium compounds in the marine environ- 
ment. 

Beryllium chloride and nitrate are highly soluble in 
water, and the sulfate is moderately so. The carbonate and 
hydroxide are almost insoluble in cold water. Toxicity tests 
gave a 96-hour LC50 for beryllium chloride of 0.15 mg/l 
as Ixryllium for fathead minnows (Pimphales promelas) in 
soft water; 15 mg/l for the same species in hard water 
(Tarzwell and Henderson 1960);278 and 31.0 mg/1 for 
F[mdi/liis heferoclifus (jackim et al. 1 970).IB0 

Beryllium has been reported to be concentrated 1000 
times in marine plants and animals (Goldberget al. 1971).17* 

Recommendation 

In the absence of data specifically related to 
effects of beryllium on marine organisms, and be- 
cause of its accumulation by marine organisms 
and its apparent toxicity to humans, it is recom- 
mended that an application factor of 0.01 be ap- 
plied to marine 96-hour LC50 data for the appropri- 
ate organisms most sensitive to beryllium. On the 
basis of data available for hard fresh water, it is 
suggested that concentrations of beryllium equal 
to or exceeding 1.5 mg/l constitute a hazard to 
marine organisms, and levels less than 0.1 mg/l 
present minimal risk of deleterious effects. 

Bismuth 

Bismuth is used in the manufacture of bismuth salts, 
fusible alloys, electrical fuses, low-melting solders, and 
fusible boiler plugs, and in tempering baths for steel, in 
“silvcring” mirrors, and in dental work. Bismuth salts are 
used in analytical chemical laboratories and commonly 
formulated in pharmaceuticals. 

The Concentration of bismuth in sea water is low, about 
0.02 pg/l, probably because of the insolubility of its salts. 
It is unknown how much bismuth actually gets into the sea 
from man-made sources, but the quantity is probably small. 
The total U S .  production in 1969 as subcarbonate 
(BiZ02C03)2-H?O was 57 short tons (US .  Department of 
Commerce 197 I).2*5 

There are no bioassay data on which to base recommen- 
dations for bismuth in the marine environment. 

Boron 

Boron is not found in its elemental form in nature; it 
normally occurs in mineral deposits as sodium borate 
(boras) or calcium borate (colemanite). The concentration 
of boron in sea water is 4.5 mg/l as one of the 8 major 
constituents in the form of borate. Boron has long been 
used in metallurgy to harden other metals. I t  is now being 
used in the elemental form as a neutron absorber in nuclear 
installations. 

Available data on toxicity of boron to aquatic organisms 
are from fresh water (Wurtz 1945,306 Turnbull et  al. 1954,281 



LeClerc and Devlaminck 1 955,*14 Wallen et al. 1957,296 
LeClerc 19GO?’3). Boric acid a t  a concentration of 2000 
mg/l showqd no effect on one trout and one rudd (Srardiniiis 
erythrophlhalmus); a t  5000 mg/l it caused a discoloration of 
the skin of the trout, and at 80,000 mg/l the trout Iiecamc 
immobile and lost its balance in a few minutes (\\‘urtz 
1945).306 The minimum lethal dose for minnows exposed to 
boric acid a t  20 C for 6 hours was reported to I x  18,000 
to 19,000 mg/l in distilled water and 19,000 to 19,500 mg/l 
in hard water (LeClcrc and Devlaniinck 1 955,?14 LeClerc 
19G0?I3). Testing mosquito fish (Gambusia aflnis) at 20 to 
26 C and a pH range of 5.4 to 9.1, Wallen et al. (1957)2sG 
established 96-hour LC50’s of 5,600 mg/1 for Iloric acid and 
3,600 mg/l for sodium borate. 

Since the toxicity is slightly lower in hard \vater than in 
distilled water, i t  is anticipated that boric acid and borates 
would be less toxic to marine aquatic life than to freshwater 
organisms. In the absence of sea water bioassay data, an 
estimate of 500 mg/l of 1)oron as boric acid and 250 mg/1 
as sodium borate is considered hazardous to marine ani- 
mals, based on freshwater data (\4.allen ct al. 1957).29G 
Concentrations of 50 mg/l and 25 mg/1, respectively: arc 
expected to have minimal effects on nlarinc fauna. 

An uncertainty exists concerning the effect of Ijoron o n  
marine vegetation. In view of harm that can I,e causccl to 
terrestrial plants by boron in excess of 1 mg,’I (\Vilixr 
19G9),299 special precautions should IJC taken to maintain 
boron at normal levels near eel grass (<os/rro): kelp ( M n r r o -  
cystis)? and other seaweed Ixds to minimize damage to 
these plants. 

Recommendation 

On the basis of data available at this time, it  is 
snggested that concentrations of boron equal to or 
exceeding 5.0 mg/l constitute a hazard in the 
marine environment, and levels less than 5.0 mg/l 
present minimal risk of deleterious effects. A n  
application factor of 0.1 is recommended for boron 
compounds applied to marine 96-hour LC50 data 
for the appropriate organisms most sensitive to 
boron. 

Bromine 

In concentrated form, bromine is a strong oxidizing agent 
and will attack all metals and organic materials. It is one 
of the major constituents in sea water, present a t  about 
67 mg/1 in bromate, and is commercially extracted from the 
sea. 

Bromine is used medicinally and for sterilization of 
swimming pools. It is also used in the preparation of dye- 
stuffs and anti-knock compounds for gasolines. hlolecular 
bromine may be discharged in effluents from salt works and 
certain chemical industries. Bromination of certain organic 
substances, such as phenols and amines, may impart 

offensive taste and make waters more toxic to aquatic 
organisms. 

Kott et al. (1 96G)‘O’ found that C/i/orrlla /gwtioidosa, \vhen 
exposed to 0.42 mg/l Iiromine for 4 days, \\‘ere reduced in 
concentration from 2,383 cells/mm? to 270 cells, I IUt  re- 
mained virtually unchangecl at 0.18 mg ‘1 I.)roniinc (2,383 
cells//mni2 i n  controls compared to 2,100 cells,!mm? in the 
csposcd sample). 

.At concentrations of 10 mg./1 i n  soft lvatcr, bromine killed 
Doplinia m o g m  (Ellis 193i),15G and at 20 Ing,/I i n  n-atcr of 
18 to 23 C: Soldfish (Cornssiris nutn/ris) \vcrc killccl (Jones 
1 Y57).?”’ A \.iolent irritant response in marine fish \vas 
olxer\.ecl at I O  mg.4 Ixominc, but no such acti\.ity \\.as 
percci\.ed a t  1 mg/l (Hiatt et al. 1953).’s’ 

The  salts of broininc are rrlativcly innocuous. The 
thrcsliolcl of imnioldization for Do/h i io  m o g m  \\.as 2 10 
mg/1 of sodium IIroinate (NaBrOJ and 8200 mgjl of 
sodium iiromicle (NaRr) (.Anderson 1 946).I11 

Recommendation 

I t  is recommended that free (molecular) bromine 
in the marine environment not exceed 0.1 mg/l 
and that ionic bromine in the form of bromate be 
maintained below 100 nig/l. 

Cad mi u m 

U.S. consumption of cadmium \ \ .as  6,662 short tons in 
1968 (U.S. Departmcnt of the Intrrior: Hurcau of hlines 
19G9).2ss These quantities indicatc t h a t  cadmium might Ix 
a significant pollutant. 

Pure cadmium is not f o ~ ~ n d  i n  conimcrcinl quantitirs in 
nature. I t  is obtained as  a I.))--product of smclting zinc. 
Cadmium salts i n  high concentrations have Im:n found in a 
hfissouri spring originating froni a mine (up to 1,000 nig’inl 
cad:xiu!??) (QR.S.4NCO 1955).?‘4 and up to .i0 to 170 
nig../kg of cadmium are found in siipcrphosphatc fertilizers 
(Athanassiadis 19G9).Il6 Cadmium is also present i n  some 
pesticides,. I t  is being used in increasing amounts by in- 
dustry (Council on Environniental Quality 1971).144 IVater- 
carrying pipes are also a source of cadmiuni (Schrocder 
1970)25Q as is food (Nilsson 19G9).?3Q Cadmium is present 
in most drainage waters (Kroner and Kopp 1965)?09 and 
may be contributing substantially to the cadmium present 
in inshore coastal ivaters. I t  is not kno\vn: ho\ve\w, whether 
man‘s input has resulted in higher levels of cadmium in 
estuarine or coastal waters. In sea water, cadmium is 
generally present at about 0.1 rg/l (Goldbergct al. 1971).”‘ 

Cadmium pollution resulting in the “Itai-itai“ disease in 
the human population has lxen documented (Yainagata 
and Shigematsu 1970).307 Schroeder et al. (19Gi)260 have 
found that oysters may concentrate cadmium from very 
lo\\, levels in amhient water. Cadmium concentrations in 
some marine plants and animals have been given Iiy h4ullin 
and Riley (1956).?33 

Concern exists that cadmium may enter the diet. like 
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mercury, t i i tw~gh seafood. Cadmium, like mercury, could 
conceivably form organic compounds which might be highly 
toxic or lead to mutagenic or teratogenic effects. 

Cadmium has marked acute and chronic effects on 
aquatic organisms. I t  also acts synergistically with other 
metals. A 15-\vcck LC50 of 0.1 mg/l and inhibition of shell 
gro\\.th for Crassoslrea uirgrnica (Pringle et al. 1968),250 and 
a 96-hour LC50 of 0.03 mg/l cadmium in combination with 
0.15 mg/l zinc for fry of chinook salmon (Oncorhynchus 
tshaiuyfscha) (HulAou et al. 1 954)Is4 have been reported. 

Fiindulus lieteroclilus exposed to 50 mg/l cadmium showed 
pathological changes in the intestinal tract after I-hour 
exposure, in the kidney after 12 hours, and in the gill 
filaments and respiratory lamellae after 20 hours (Gardner 
and Yevich 1970).170 Copper and zinc, when present a t  
I mg:l or more, substantially increase the tosicity of 
cadmiun~ (LaRoche 1972).2it 

Cadmium is concentrated by marine organisms, particu- 
larly the molluscs (e g., Pecten nocapellandicae), which ac- 
cumulated cadmium in the calcareous tissues and in the 
visrr-rq ( R r x k s  20.' !?x:z!x!;y 1355)."' L ~ \ v i i i d i i  cc ai. 
(1971)??l reported a concentration factor of 1000 for cad- 
mium in fish muscle. 

Caclmium levels in tissues of Ashy Petrel (Oceanodroama 
hotnocltron) from coastal waters of California were approsi- 
mately t\\icc as high as in tissues of \\'ikon's Petrel (Oceanites 
ocmtttciis) ol)taincd in Antarctica, Lvhich had summered in 
the Sor th  Atlantic and Australian regions, respectively. 
Caclmium Icvcls i n  tissues of the Snow Petrcl (Pelngodroma 
niist-a), a spccics I\ hich does not leave the Antarctic ice pack 
reqion, ol)tainccl at Hallctt Station, Antarctica, \vert of the 
same orclcr of magnititdc as those in the \\'ilson's Petrcl. 
Cadmiitin Icvcls in esgs of the Common Tern (Slerna 
/ / t r i m l o )  from Long Island Sound were in the ordcr of 0.2 
rng 'kg clry \\eight, not apprecialdy higher than those in the 
Antarctic Tern (Slerna zvtlnla) from the Antarctic \vith 
Ievcls i n  the ordcr of 0.1 mg/kg (Anderlini et al. inpress).lOg 
Cadmium pollution may therefore be significant locally in 
estuaries. but on the Insis of these limited data, i t  does not 
appear to I J ~  a p r o l h n  in more rcmote marine ecosystems. 
However. in vicw of the comparatively unknown effects of 
cadmium on the marine ecosystem. its apparent concen- 
tration b y  marine organisms, and the human health risk 
involvcd in consumption of cadmium-contaminated sea- 
food, i t  is suggested that there be no artificial additions of 
cadmium to the marine environment. 

Recommendation 

The panel recommends that an application fac- 
tor of 0,02 he app!ieA_ t~ ~ . ~ : r i z ~  'X-hciii LC3G data 
for appropriate organisms most sensitive to cad- 
mium. On the basis of data available at this time, 
it  is suggested that concentrations of cadmium 
equal to or exceeding 0.01 mg/l constitute a hazard 
in the marine environment as well as to human 

populations, and levels less than 0.2 pg/l present 
minimal risk of deleterious effects. In the presence 
of copper and/or zinc at 1 mg/l or more, there is 
evidence that the application factor for cadmium 
should be lower by at least one order of magnitude. 

In the absence of sufficient data on the effects 
of cadmium upon wildlife, it is recommended that 
cadmium criteria for aquatic life apply also to 
wildlife. 

Chlorine 

Chlorine is generally present in the stable chloride form 
which constitutes about 1.9 per cent of sea water. Ele- 
mental chlorine, which is a poisonous gas at normal tem- 
perature and pressure, is produced by electrolysis of a brine 
solution. Among its many uses are the bleaching of pulp, 
paper and testiles, and the manufacture of chemicals. 

Chlorine is used to kill so-called nuisance organisms that 
might interfere with the proper functioning of hydraulic 
systems. Chlorine disinfection is also used in public water 
supplies and in sewage effluents to insure that an acceptable 
degree of coliform reduction is achieved before the effluents 
enter various bodies of water. In all instances the intent is 
to eliminate undesirable levels of organisms that would 
degrade water uses. This goal is only partially reached, 
because the effect of chlorine on desirable species is a 
serious hazard. 

\Vhcn dissolved in water, chlorine completely hydrolizes 
to form hypochlorous acid (HOCI) or its dissociated ions; 
at concentrations below 1000 mg/l, no chlorine exists in 
solution as CI?. The dissociation of HOC1 to H+ and OCI- 
depends on the pH:  4 per cent is dissociated a t  pH 6, 25 
per cent a t  pH 7, and 97 per cent a t  p H  9. The  undissociated 
form is the most tosic (Moore 1951).23t Although free 
chlorine is toxic in itself to aquatic organisms, combi- 
nations of chlorine with ammonia, cyanide, and organic 
compounds, such as phenols and amines, may lie even more 
tosic and can impart undesirable flavors to seafood. 

Chlorine at 0.05 mg/1 was the critical level for young 
Pacific salmon exposed for 23 days (Holland et al. 1 96O).la 
The  lethal threshold for chinook salmon (Oncorhynchus 
tshawj~tsclia) and coho salmon (0. kisutch) for 72-hour ex- 
posure was noted by these investigators to be less than 0.1 
mg/l chlorine. In aerated freshwater, monochloramines 
were more toxic than chlorine and dichloramine more toxic 
than monochloramine. Studies of irritant responses of marine 
fishes to different chemicals (Hiatt e t  al. 1953)18' showed a 
slight irritant activity a t  I mg/l and violent irritant activity 
a t  10 mg/l. Oysters are sensitive to chlorine concentrations 
of 0.01 to 0.05 mg/l and react by reducing pumping ac- 
tivity. At C1, concentrations of 1 .O mg/l effective pumping 
could not be maintained (Galtsoff 1946).169 

Preliminary results show that at 15 C, salinity 30 parts 
per thousand ( Y ~ o ) ,  mature copepods (Acarfia lonsa and 
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TABLE IV-3-Copepod Mortality from Chlorine Exposure 
Acortia Tonsa 

Chlorina mg/l Exporum time in minuter l o  rive 
50 v n t  mwtalib 

Expmure tims in minuter to firs 
100 prcenl mwblily 

1.0 m >5w 
2.5 1.5 120 
5.0 1.2 , 10.0 

10.0 0.6 1.0 

Eurytemono Aflnis 

Chlorine m i l l  EI~OSUIC time in minuter to give 
50 wnl mmialily 

Exposure tims in minuter to give 
1W percent mortality 

2.5 
5.0 

10.0 

33 
3.6 
2.0 

125 
30.0 
5.0 

Gentile (unpublished dab) 191231' 

Euryfemona af inis)  have great dificul ty in surviving exposures 
to chlorine (Table IV-3). 

Clendenning and North (1960)14L noted that at 5 to I O  
mg/l chlorine, the photosynthetic capacity of bottom fronds 
of the giant kelp (nriacrocjlslisp~lrifera) was reduced by I O  to 
15 per cent after 2 days and 50 to 7 0  per cent after 5 to 7 
days. 

Chlorination in seawater conduits to a residual of 2.5 
mg/l killed all fouling organisms tested (anemones, mussels, 
barnacles, Mogula, Bugula) in 5 to 8 days; but with 1.0 
mg/I a few barnacles and all anemones survived 15 days' 
exposure (Turner et al. 1948).*** 

I t  should be further stressed that chlorine applications 
may often be accompanied by entrainments where the 
organisms are exposed to strong biocidal chlorine doses, 
ir?ter?se tiirhulence, and heat (Gonzales et al. unpublished 
1971).3'3 Consideration should also be given to the for- 
mation of chlorinated products, such as chloramines or 
other pollutants, which may have far greater and more 
persistent toxicity than the original chlorine applications. 

Recommendation 

It  is recommended that an application factor of 
0.1 be used with 96-hour LC50 data from seawater 
bioassays for the most sensitive species to be pro- 
tec ted . 

However, it is suggested that free residual chlo- 
rine in sea water in excess of 0.01 mg/l can be 
hazardous to marine life. In the absence of data 
on the in situ production of toxic chlorinated 
products, it appears to be premature to advance 
recomrnenda tions. 

Chromium 

Most of the available information on toxicity of chromium 
is for freshwater organisms, and it is discussed in Section 
111, p. 180. 

Categories of Pollutan1s/P47 

Chromium concentrations in seawater average about 0.04 
pg/l (Food and Agriculture Organization 197 and 
concentration factors of 1,600 in benthic algae, 2,300 in 
phytoplankton, 1,900 in zooplankton, 440 in soft parts of 
molluscs, 100 in crustacean muscle, and 7 0  in fish muscle 
have been reported (Lowman et al. 1971).??l 

The tosicity of chromium to aquatic life wi l l  vary \\.ith 
valence state, form, pH, synergistic or antagonistic effects 
from other constituents, and the species of organism in- 
volved. 

In  long-term studies on the effects of heavy metals on 
oysters, Haydu (unpublisiied d a l ~ ) ~ ~ '  showed that niortalities 
occur at  concentrations of 10 to 12 pg/l chromium, ivith 
highest mortality during May, June, and *July. Raynont  
and Shields ( 1  9 6 4 y  reported threshold toxicity levels of 
5 mg/l chromium for small prawns (Leandtr s q ~ i l l n ) ,  20 
mg/l chromium in the form Na2Cr04 for thc shorc crab 
(Carcinas maenus), and 1 mg/l for the polychaete .Ai.reis 
virens. Pringlc et al. (1968)"' showed that chromium con- 
centrations of 0.1 and 0.2 mg/l, in the form of K?Cr?07, 
produced the same mortality with molluscs as the controls. 
Doudoroff and Katz ( 1953)l5' investigated the effcct of 
K?Cr?07 on mummichogs (Fundulus heteroclilus) and found 
that they tolerated a concentration of 200 mg/1 i n  sea water 
for over a week. 

Holland et al. (1960)162 reported that 31.8 mg/1 of 
chromium as potassium chromate in sca water gave 100 
per cent mortality to coho salmon (Oncor/!yzc/ius kisuIch). 
Gooding (1 954)'73 found that 17.8 mg/1 of hesa\&nt chro- 
mium \vas toxic to the same species in sea water. 

Clendcnning and North (1 96O)I4l showed that hcxavalcnt 
chromium at 5.0 mg/l chromium reduced photosynthcsis 
in the giant kelp (A..iocroc~~s~is lyr i jera)  by 50 per cent during 
4 days csposure. 

Recommendation 

Because of the sensitivity of lower forms of 
aquatic life to chromium and its accumulation at 
all trophic levels, i t  is recommended that an appli- 
cation factor of 0.01 be applied to marine 96-hour 
LC50 data for the appropriate organisms most 
sensitive to chromium. On the basis of data avail- 
able at this time, it is suggested that concentra- 
tions of chromium equal to or exceeding 0.1 mg/l 
constitute a hazard to the marine environment, 
and levels less than 0.05 mg/l present minimal risk 
of deleterious effects. In oyster areas, concentra- 
tions should be maintained at less than 0.01 mg/l. 

Copper 

Copper has been used as a pesticide for eliminating algae 
in water, and its salts have bactericidal propcrtics. Copper 
is toxic to invertebrates and is used extensively in marine 
antifouling paints which release it to the water. It is also 
toxic to juvenile stages of salmon and other sensiti\re species 
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(Spragac 1954,2fi7, 13&5:53 Sig1t.r et ai. i966,": Cope 

Copper was the fifth metal in U.S. consumption during 
1968, following iron, manganese, zinc, and barium (US. 
Department of the Interior Bureau of Mines 1969).289 
Copper is used for such products as high transmission wires, 
containers, utensils, and currency because of its noncor- 
roding properties. 

C:opper is \vidcly distributed in nature and is present in 
sea water in concentrations ranging from 1 to 25 pg/l. In 
small amounts, coppcr is nonlethal to aquatic organisms; 
in fact, i t  is essential to some of the respiratory pigments in 
animals (\\'illier 1969).299 Copper chelated by lignin or 
citrate has been reported to be as effective as copper ion in 
controlling algae. but apparently it is not as toxic to fish 
(Inqols 195S)."G Copper affccted the polychaete A'ereis 
Litens a t  levels of approsiinatcly 0. I mg/l (Rayiiiont and 
Shields I964)'j3 and the shore crab (Carcrtrrcs maenrrs) a t  I to 
2 m y  1 (\Villxr 1369).3'9 Copper a t  concentrations of 0.06 
nig I inhibited photosynthesis of the giant kelp (iUacrocystis 
,- t ~ j r > f c ~ c j  1.y 3!! ;:P ~ c n t  in 2 dajs  n;.d 7G ijci ~ i i i  i l l  -1 days 
(Clcnclenning and Sor th  1960).i4' 

C:oppcr is tosic to sonic oystcrs a t  concentrations above 
0.1 m g  1 (Galtsoff 1932)'63 and Icthal to oysters at 3 mg/l 
QViIber I 969).299 The American oyster (Crassosfren uirgrntca) 
is apparently more sensitive to copper than the Japanese 
species (C'rassos/reci gigns) (Rcish 1 !364).?j' Thc 96-hour LCSO 
for Japanese oysters csposed to copper has Ixcn reported 
as 1.9 rng 1 (Fijipa 196O).l6j However, oysters esposed to 
concentrations as lo\\ as 0.13 mg,"l turn green in about 21 
days (Gdtsoff 1932).'G3 Although such conccntrations of 
copper arc neither Icthal to the oysters nor, apparently, 
harmful to man, grccn oysters arc unmarketatile Ixcause 
of appearance. Therefore, in the vicinity of oyster grounds, 
the recoin m e  nd a t ion for in asirnuim per in issi I~le conccn- 
trations of copper in the itatcr is based on marketal)ility, 
and i t  is recomincncled that copper not be introduced into 
areas where shellfish may be contaminated or where seawed 
is ha rvested. 

Copper acts synergistically when present with zinc 
( \ \ U x r  19&9),'99 zinc and cadmium (LaRoche 1972),?" 
mercury (Corner and Sparrow 1 936),lJ3 and with penta- 
chlorophcnatc (Ccrvenka 19j9).'37 Studies on sublethal 
effects of copper show that Atlantic salmon (Salrno salor) 
will avoid concentrations of 0.0021 mg/l in laboratory 
experiments (Spraguc et al. 196?1,'~O Saunders and Sprague 
1967,?j7 Spragiic 19712"). 

Copper is acccrinulatcd 11) marine organisms, with con- 
centration factors of 30,000 in phytoplankton, 5,000 in the 
"-.. =,,rt ..odb,Lo .... ". - r  - - - - I I . . - - -  LIIuIIIIJc~, a i d  ;CCC i i i  h i i  inuscie ( lowman 
et al. 1971).?"' 

Bryan and Hummerstone (I97 I ) L 3 4  reported that the poly- 
chaete JVereis drrrersicolor shows a high takeup of copper from 
copper-rich sediments and develops a tolerance. Mobile 
predators feeding on this species could receive doses toxic 

1966142). 
to themselves or accumulate concentrations that would be 
tosic to higher trophic levels. 

Recommendation 

It  is recommended that an application factor of 
0.01 be applied to marine 96-hour LC50 data for the 
appropriate organisms most sensitive to copper. 
On the basis of data available at this time, it is 
suggested that concentrations of copper equal to 
or exceeding 0.05 mg/l constitute a hazard in the 
marine environment, and levels less than 0.01 mg/l 
present minimal risk of deleterious effects. 

Cyanides 

Most of the available information on toxicity of cyanides 
is for freshwater organisms, and is discussed in the Fresh- 
water ..\quatic Life and \\'ildlife section, p. 189. 

Recommendation 

?.s :: gcidc!ina in the iibseiice oi data ior marine 
organisms the panel recommends that an appli- 
cation factor of 0.1 be applied to marine 96-hour 
LC30 data for the appropriate organisms most 
sensitive to cyanide. On the basis of data available 
at this time it is suggested that concentrations of 
cyanide equal to or exceeding 0.01 mg/l constitute 
a hazard in the marine environment, and levels 
less than 0.003 mg/l present minimal risk of dele- 
terious effects. 

Fluorides 

Fluorides havc Ixen brought to public attention in recent 
ycars because of their effects at low concentrations in human 
dental development and in prevention of decay. However, 
it must tic remcmlm-ed that fluorides at higher concen- 
trations are poisons afflicting human and other mammalian 
skeletal structures with fluorosis (see Section 11, p. 66). 

Fluorine is the most reactive non-metal and does not 
occur free in nature. I t  is found in sedimentary rocks as 
fluorspar, calcium fluoride, and in igneous rocks as cryolite, 
sodium aluminum fluoride. Seldom found in high concen- 
trations in natural surface waters because of their origin 
only in certain rocks in certain regions, fluorides may be 
found in detrimental concentrations in ground waters. 

Fluorides are emitted to the atmosphere and into effluents 
from electrolytic reduction plants producing phosphorus 
and aluminum. They are also used for disinfection, as 
insecticides, as a flux for steel manufacture, for manu- 
tacture of glass and enamels, for preserving wood, and for 
assorted chemical purposes. 

A revieiv of fluoride in the environment (Marier and 
Rose 1971)??j indicates that the concentration of unbound 
ionic fluoride (F-) in sea water ranges between 0.4 and 
0.7 mg/l. Approximately 50 per cent of the total seawater 
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fluoride (0.77 to 1.40 nig/l) is bound as the d o u l k  ion 
h4gF+. 

Concentrations as low as 1.5 mg/l of fluoride have 
affected hatching of fish eggs (Ellis et al. 1946j,i57 and 2.3 
nig/l, introduced as sodium fluoride, was lethal to rainlio\v 
trout (Salmo gnirdnrri) at 18 C (.4ngelovic et al. I96l)."3 
Virtually no information esists on long-term chronic effects 
of lo\v concentrations of fluorides i n  sea water. 

Recommendation 

In the absence of data on the sublethal effects 
of fluorides in the marine environment, it  is recom- 
mended that an application factor of 0.1 be applied 
to marine 96-hour LC50 data for the appropriate 
organisms most sensitive to fluoride. On the basis 
of data available a t  this time it is suggested that 
concentrations of fluoride equal to or exceeding 1.5 
mg/l constitute a hazard in the marine environ- 
ment, and levels less than 0.5 mg/l present minimal 
risk of deleterious effects. 

Iron 

Because of the \\~idesprcad use of iron by man for his 
many industrial activities, iron is a conitnon contaminant 
in the aquatic environment. Iron may enter watcr naturally 
from iron ore deposits; Ixtt iron is more oftcn introcluccd 
froin acid mine drainage, mineral processing, stccl pickling, 
and corrosion. Iron usually occurs in the fcrrous form, 
when i t  is released from processing plants or i n  mine clrain- 
age, but liecomes rapidly osidizccl to the ferric form in 
natural surface waters. The  ferric salts form gclatinous 
hydrosides, agglomerate and flocculate, settling out on the 
bottom or Ixcoining a d s o r l d  on \.arious surfaces. Dcpencl- 
ing on the pH and Eli, groundwater may contain a con- 

seldom contain high, dissolvecl iron. In the marine cn\.iron- 
ment, iron is frequently present in organic complcscs and 
in adsorbed form on particulate matter. 

h4ost of the investigations on biological effects of iron 
have lieen done in fresh water (Knight 1901,?o' Bandt 
1948,Il7 h4inkina 1946,??9 Southgate 1948,?"" Lewis 1960,?15 
ORSANCO 1960?'5). Deposition of iron hydrosides on 
spawning grounds may smother fish eggs, and the hy- 
drosides may irritate the gills and ldock the respiratory 
channels of fishes (Southgate 1948,2G5 Lewis I 960?15). Direct 
tosicity of iron depends on its valence state and whether 
it is in solution or suspension. 

Warnick and Bell (1969)?97 esamined the effects of iron 
on mayflies, stoneflies, and caddisflies and obtained a 
96-hour LC50 of 0.32 mg/l for the three insects. Dowden 
and Bennett ( lY65)1"3 examined the effect of ferric chloride 
to Dujiliniu rnugtia in static acute bioassays. They noted 
LC5O's of 36, 21, and 15 mg/l for I ,  2, and 4 days, re- 
spectively. 

Ferric hydroxide flocs removed the diatoms in the process 

sidci-zij!C aiiiount sf k~:: i" s ~ ! u t i ~ n ;  I > I J ~  \vrll aeratccl waters 

of flocculation and settling, coating the bottom; and the 
iron precipitate coated the gills of white perch ( N o r o n e  
amrricann), minno\vs, and silversides in upper Chcsapeakc 
Bay (Olson et  al. 1941).24? 

Tests on three types of fish gave a lethality threshold for 
iron a t  0.2 mg/I (h4inkina 1946)??' and on carp at 0.9 mgll 
if the pH \vas 5.5 or lower. Ebeling (1928)I5j found that 
10 mg/l of iron caused serious injury or death to rainlio\v 
trout (Salnio gnirdneri) in 5 minutes. La Rozc ( 1955)?l? 
reported that dogfish were killed in 3 hours at  5 nig4 iron: 
\vhct-cas othcr research (National Council for Stream Im- 
provement 1 953)?3G indicated no deaths during one \vcek 
at I IO 2 m g j l .  

Bccausc of the slightly alkaline condition of sea \cater, 
much of thc iron introduced to the sea precipitates. This 
adds a further proldeiii of iron hydrosidr flocs contami- 
nating 1,ottom sediments \.\.liere rooted aquatics and in- 
\:ertclx-ates could be affected. 

Special consideration should I x  given to avoiding dis- 
charge of iron-containing effluents into waters \vhcrc cotn- 
mcrcially important I JOt tOl l l  species or important food 
or~anisnis d~vcll (e.g. ,  oysters, clams, scallol~s, lol,stcrs, 
cral,s: shrimp, halibut, flounder, ancl deniersnl fish eggs and 
1 ar\Ylc). 

Recommendation 

On the basis of data available at  this time, it is 
suggested that concentrations of iron equal to or 
exceeding 0.3 mg/l constitute a hazard to the 
marine environment, and levels less than 0.05 mg/l 
present minimal risk of deleterious effects. 

Lead 

The  present rate of input of lead into the oceans is 
approsimately ten times the rate of introduction Iiy natural 
Ivcathering, and concentrations of lead i n  surface sea \varer 
are greater than in deeper waters (Cho\\. and Patterson 
1966).t39 The  isotope composition of the lead in surface 
waters and in recent precipitation is more similar to that of 
mined ore than to that in marine sediments (Cho\v 1968).'38 
There are almost no data, however, that would sug~cs t  that 
the higher concentrations of lead in surface sca \later de- 
rived from lead transported through the atmosphere have 
resulted in higher lead concentrations in marine \vildlife. 
Lead concentrations in Greenland snow have lieen she\\ n 
to I x  16 times higher in 1964 than in 1904 (h4urozumi et al. 
1969).?3j In  1968 an  estimated 1.8X105 tons of lead were 
introduced to the atmosphere as a result of the combustion 
of leaded gasoline (Council on Environmental Quality 
1971).IA4 This represents 14 per cent of the total lead con- 
sumption of the United States for that year. Lead poisoning 
of zoo animals i n  Netv York City was attributed to their 
brcatliing lead-contaminated air (Bazell 1 971).l19 

Blood serum aldolase activity in higher animals exposed 
to small amounts of lead increased, although there were no 
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overt signs or symptoms of poisoning (Yaverbaum 1963,"8 
Wilber 1969rJ9). Chronic lead poisoning in man is sympto- 
matically similar to. multiple sclerosis (Falkowka et al. 
1 964).15' Muscular dystrophy has been reported as occurring 
in fishes and amphibians (Stolk 1962,272 \ViIber 19692g9) and 
in view of these findings could, in fact, be unnatural. 

Data are needed on the sublethal, long-term effects of 
lead on aquatic organisms, particularly those in sea water. 
Evidence of deleterious effect to freshwater fish has been 
reported for concentrations of lead as low as 0.1 mg/l 
(Jones 1 938).Ig7 

\Vilder (1952)3" reported lobster dying in 6 to 20 days 
when held in lead-lined tanks. Pringle (ztnpztblishtd data)315 
observed a 12-week LC50 of 0.5 mg/l lead and an I8-week 
LC50 of 0.3 mg/l lead with the oyster (Crassos/rta uirginica). 
There was noticeable change in gonadal and mantle tissue 
following 12 weeks exposure at concentrations of 0.1 to 
0.2 mg/l of lead. Calabrese et al. (trnpztblished d a f ~ ) ~ ~ "  found 
a 48-hour LC25 of 1.73 mg/l and an LC50 of 2.45 mg/l 
for oyster eggs of the same species. 

i\uri(Ii and Ciendenning (1Cj58)'14L reported that lead 
nitrate a t  4.1 mg/l of lead showed no deleterious effect on 
the photosynthesis rate in kelp (il.larrocvs/isp~rifera) exposed 
for four days. They concluded that lead is' less toxic to 
kelp than mercury, copper, hexavalent chromium, zinc, 
and nickel. 

Recommendation 

In the absence of more definitive information on 
the long-term chronic effect of lead on marine 
organisms, i t  is recommended that concentrations 
of lead in sea water should not exceed 0.02 of the 
96-hr LCjO for the most sensitive species, and that 
the 24-hour average concentration should not ex- 
ceed 0.01 of the 96-hour LC50. On the basis of data 
available at this time it  is suggested that concen- 
trations of lead equal to or exceeding 0.05 mg/l 
constitute a hazard in the marine environment, 
and levels less than 0.01 mg/l present minimal 
risk of deleterious effects. Special effort should be 
made to reduce lead levels even further in oyster- 
growing areas. 

Lead recommendations for the protection of 
wildlife are included in the discussion of Marine 
Wildlife p. 227. 

Manganese 

.7 

Manganese is one of the most commonly used metals in 
industry. I t  occurs widely in ores on land and in nodules in 
i l l ~  deep sea. u.S. consumption in 1958 exceeded 2.2 
million tons, a 45 per cent increase in 20 years (U.S. 
Department of Interior, Bureau of Mines 1969).259 The 
metal is alloyed with iron to produce steel and in smaller 
quantities with copper for manganese bronze. Its salts are 
used in inks and dyes, in glass and ceramics, in matches 

- -  

and fireworks, for dry-cell batteries, and in the manufacture 
of paints and varnishes. 

Manganese is often found with iron in ground waters, 
and i t  can be leached from soil and occur in drainage in 
high concentrations. The  carbonates, oxides, and hy- 
droxides are slightly soluble, so that manganous and 
manganic ions are rarely present in surface water in excess 
of 1 mg/l. Manganese is present in sea water at about 2 pg/l 
in the h h + 2  form, and is concentrated through biochemical 
processes to form manganese nodules, found mainly in the 
deep sea. 

Manganese may have different effects on the lower trophic 
levels in fresh water and sea water. Concentrations of 
manganese above 0.005 mg/l had a toxic effect on certain 
algae in reservoirs (Guseva 1 937,'74 1 939I7j), while 0.0005 
mg/I in sea water stimulated growth and multiplication 
of certain phytoplankton (Harvey 1947).17s Anderson 
(1944)"O reported the threshold of immoliilization of Da/)/inia 
magna as 0.63 mg/1 of KMnOI and the threshold concen- 
tration for immobilization of D N , / J / I ~ ~ ~  m c p n  ir. L S x  Erie 
water as 50 mg,/l of h,InC12 (Anderson 1948)."? Rringmann 
and Kuhn ( I959a)l3I reported the threshold effect for the 
same species as 50 mg/1 of h.InCl3 as manganese in River 
Have1 water at 23 C. 

For the flatworm Po!wlis nigra, the threshold concen- 
tration of manganese was reported as 700 mg/l as man- 
ganese chloride and 660 mg/I as manganese nitrate (Jones 
I940).Ig9 Tests on organisms on which fish feed, Le., 
crustacea, worms, and insect larvae, showed no apparent 
harm a t  15 mg/l of manganese during a 7-clay exposure 
(Schweiger 1957).?6' River crayfish were found to tolerate 
1 mg,4 (Meinck ct al. 19.56).Ty7 

The toxicity of manginese to fish depends on a nunilier 
of factors tvhich may vary from one situation to another. 
There is an apparent antagonistic action of manganese 
toward nickel toxicity for fish (Blatiaum and Nichols 
1956).I2j This may lie true also for cobalt and manganese 
in comliination? as noted for terrestrial plant life (Ahmed 
and Twyman 1953).IoS 

Stickleback survived 50 mg/l manganese as manganese 
sulphate for 3 days, \\,hereas eels withstood 2700 mg/l for 
50 hours (Doudoroff and Katz 1953).150 The lethal concen- 
tration of manganese for stickleback was given as 40 mg/l 
by Jones (1939),Ig5 and he noted that the toxic action was 
slow. The  minimum lethal concentration of manganese 
nitrate for sticklebacks in tap water has tieen reported to 
be 40 mgil  as manganese (Anderson 1948,"? Murdock 

The average survival times of stickelhack ir? m2ngzncur 
nitrate solution were one week a t  50 mg/l, four days at 
100 mg/l, two days a t  I50 mg,/l, and one day a t  300 mg/l, 
all measured as manganese (Murdock 1953).234 Young eels 
tolerated 1500 mg/l manganous sulphate for more than 25 
hours (Doudoroff and Katz 1953).'50 Oshima (1931)?46 and 
Iwao ( 1  936)lsg reported the 1t:thal thresholds of manganous 
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chloride and manganous sulphate for fish in Japan to be 
about 2400 and 1240 mg/l of manganese, respecti\.ely. 
They found that permanganates (Mn+') killed fish a t  2.2 
to 4.1 mg/l manganese in 8 to 18 hours, but this high 
oxidation form is quite unstable in water. Tench, carp, 
and trout tolerated 15 mg/l of manganese during 7 days 
exposure (Schweiger 1 957).2G1 

Manganous chloride was found to be lethal to minnows 
(Fundulus) in fresh water in six days a t  12 mg/l h4nC12; for 
the small freshwater fish Orizias, the 24 hour lethal concen- 
tration was about 7850 mg/1 (Doudoroff and Katz 1953);I5O 
and for other fish 5500 mg/1 (Oshima 1931,?'G Iwao, 
1936IE9). The highest concentration tolerated by eels for 
50 hours was 6300 mg/l (Doudoroff and Katz 1953).l5O 
Meinck et al. (1956)2?7 noted the first toxic effects for fish 
of htnC12 at 330 mg/1, with the lethal concentration a t  
800 mg/l. 

Only a few studies of sublethal effects of manganese on 
fish have been reported. Ludemann (1953)??? noted some 
of the symptoms of toxicity of manganese to fish, crabs, 
and fish food organisms. Abou-Donia and h4cnzel ( 1  967)Io3 
noted an effect of 1.25X IO-' M manganese (6.9 nig/l) on 
the enzyme acetylcholinesterase in shiner perch. 

In studies on the uptake of radionuclides on the Pacific 
testing grounds of Bikini and Eniwetok, i t  \cas found that 
the neutron-induccd isotope of manganese "h4n was con- 
centrated by as much as 4000 in phytoplankton and 12,000 
in the muscle or soft tissue of mollusks (Louman 19G0,2?o 
Lowman et al. 197I2?I). Goldberg et al. (1971)"' list the 
Concentration factor of niangancsc in marine plants and 
animals as approsimately 3000. 

Recommendation 

In view of the evidence for concentration of 
manganese bv marine organisms, an application 
factor of 0.02 of the 96 hr LC50 for the most sensitive 
species to be protected is recommended. 

Until more complete information on acute and 
sublethal effects of manganese on marine orga- 
nisms is available, it is suggested that concen- 
trations of 0.1 mg/l or more of total manganese 
in the marine environment may constitute a haz- 
ard, and concentrations of less than 0.02 mg/l 
present minimal risk. 

Mercury 

Mercury naturally leaches from cinnabar (HgS) deposits. 
Man-made sources of mercury have been in plastics manu- 
facture, where mercury oxide is used as a catalyst, chlor- 
alkali plants where mercury cells are used, mercurial 
slimacides used in the pulp and paper industry and in 
other forest product anti-fungal applications, seed dressings 
used in combatting smuts and other fungal diseases afflicting 
seeds, and in anti-fouling paints. An estimated 5000 tons 
of mercury per year are transferred from the continents to 
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the oceans as a result of continental weathering (Klein 
and Goldberg 1970).203 Global production of mercury is 
currently about twice as high, in the order of 9000 metric 
tons per year (Hammond 1971).17G The burning of pe- 
troleum releases in the order of 1600 tons of mercury into 
the atmosphere per year (Bertine and Goldberg 1971).19 
A conservative estimate of the amount of mercury released 
per year into the global environment from the burning of 
coal is in the order of 3000 tons (Jocnsuu 1971).'95 The 
total amount of mercury estimated to be in the oceans is 
in the order of lo8 metric tons, approximately three orders 
of magnitude higher than the total amount of mercury 
consumed in the United States since 1900. hlcrcury in 
marine organisms is, therefore, most probably of natural 
origin except in localized areas. 

One hundred and eleven persons were reportcd poisoned, 
41 died, and others suffered serious neurological damage as 
a result of eating fish and shellfish which had been con- 
taminated with mercury discharged into h4inainata Ray 
by a plastics manufacturing plant Ixt\veen 1950 and 1960 
(Irukayania 1 967).lS7 In 1965, another poisoning incident 
was reported in Niigata, Japan, \there 5 people died and 
26 suffered irreversilile neurological damage (Ui 1 967).292 
In hlinamata i t  was also found that cats eating the con- 
taminated fish and shellfish took suicidal plun_~es into the 
sea, an uncommon occurrence with these maninials (Ui 
and Kitaiiiura 1970).293 

h4ctallic mercury can be converted by bacteria into 
methyl mercury (Jensen and Jerneloi. 1 969,19? Jernelov 
19G9,I9' Lofroth 1 969?18). Organometallic inercury is much 
more toxic than the metallic mercury and enters the food 
cycle through uptake by aquatic plants. lower forms of 
animal life, and fish (Jernelov 1969).19' The concentration 
factor of mercury in fish was reported as 3,000 and higher 
(Hannerz 1968,'77 Johnels and \Yestermark 1 969IgG). -4 
voluntary form of control was imposed in Sweden where 
anglers were requested not to eat more than one fish per 
week from a given lake to minimize human intake. 

High mercury concentrations in birds and fish were 
reported on the Canadian prairies in 1969 (Finireite 1970,1G0 
Wobeser et al. 1970,301 Bligh 197112G). The source of the 
mercury in the birds was apparently mercurial seed dressing 
consumed \cith grain by the birds; whereas in fish, mercury 
came largely from emissions of a chlor-alkali plant using a 
mercury cell. 

The Food and Drug Directorate of Canada set a level of 
0.5 parts per million as the maximum permissible concen- 
tration in fish products. The  0.5 parts per million level was 
set as an  interim guideline, not a regulation based on any 
known safe level for mercury (Canada Food and Drug 
Directorate, personal communication). 311 A similar guideline 
was adopted in the U.S. (Kolbye 1970).20G These limits were 
based on the lethal concentrations found in Minamata Bay, 
Japan, and on the levels set by the World Health Organi- 
zation (\VHO) in cooperation with the Food and Agri- 
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cultural Organization (FAO).  T h e  level set by W H O / F A O  
was 0.05 ppm, based on  total food ( \VHO 1967).305 T h e  
concentrations which were found lethal to the Japanese 
consuming fish and shellfish contaminated by mercury were 
I O  to  50 mg/kg total mercury (Birke e t  al. 1968).Iz4 T h e  
Swedish limit was 1.0 ppm of mercury in fish (Berglund 
and  Wretling I967)Izt based on dry  weight, which is 
equivalent to 0.2 pptn wet weight (\\'allace ct al. 1971).295 

Although the emphasis has been on  the effects of mercury 
on man,  aquatic organisms can  be affected by various 
mercury compounds. Mercury markedly alters the epi- 
thelium of skin and  gills in fishes (Schweiger 1957).2Gt 
Mercuric chloride in water containing developing eggs of 
Parocenfrofits liuidis brought about  a severe disturbance of dc- 
velopment at I O  pg/l (Soyer 1963).26G .4 concentration of 
5 pg,.'l retarded development markedly. Thcse studies sug- 
gested that the threshold for harmful effects of mercuric 
chloride on developing eggs of Parocenfrofits was around 2 
to 3 pg/l  (Soyer 1963).266 Studies conducted on  developing 
salmon eggs (Oncorhynchus nerka and 0.  gorbuscha) at the 
!E:crnaiioita: I'aciLc: Saititun Fisheries C:otnmission Lab- 
oratory in Cultus Lake, B.C., showed that concentrations 
of mercury at levels escceciing 3 pg/l  mercury deriveci from 
mercuric sulfate led to severe deformities (Servizi, u n ~ u b -  
lished da/a) .3 t f i  Studies are  needed to examine the effects of 
those concentrations which are  accumulated by fish over 
a longer pcriod of time. 

Ukcles ( 1962)'s3 reported that 60 p g j l  of ethyl mercury 
phosphate \\.as lethal to a11 species of marine phytoplankton 
tested, and that as little as 0.1 to 0.6 pg/l of alkyl mercury 
introduced into sea \vater will inhibit photosynrhesis a n d  
groivth. Clcndenning and North (!950)t41 rcpor:cd ihai 
mercury nddccl as mercuric chloriclc caused 50 per cent  
inactivation of photosynthesis of giant kelp (Afncroqs/is 
pyrifera) a t  30 p g  ' I  dur ing 4 days exposure, a 15 per cent 
decrease in photosynthesis at 100 pg/l in 1 day, and com- 
plete inactivation in 4 days. 

\\'oclke (1961)302 reported that 27 pg/l of mercury as 
mercuric chloride \\.as lethal to Iiivalve larvae. T h e  learning 
Ixhavior of goldfish (Carassius attrafus) was affected after 
two days by 3 pg/'1 mercuric chloride (\Veir and Hine 
1970).2gs Trace amounts of copper increase the tosicity ot 
mercury (Corner and Sparrow 1956).IJ3 

Mercury concentrations in  tissues of the Ashy Petrel 
(Oceanodroma homochroa) from the .coastal waters of Cali- 
fornia, the site of most of the mercury mines in the United 
States, are  in the same order  of magnitude as mercury 
concentrations in tissues of the Snow Petrel (Pelagodromn 
niseo), which inhabits the Antarctic pack ice. Mercury 
--...-.-.... ur.VLIJ i it  iiiiic rygs OT the Common l e r n  (.%ma 
hirundo) from Long Island Sound were only slightly higher 
than in nine eggs of the Antarctic Tern  (Sferna uiftafa) from 
the Antarctic (Anderlini e t  al. in press).'09 

Environmental residues of mercury in Sweden, as meas- 
ured by concentrations of mercury in  feathers of several 
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species of bircls, rose dramatically in the years following 
1940 and were attributed to alkyl-mercury compounds 
used as seed dressings (Berg e t  al. 1966).'?O This  use of 
mercury caused the death of nuintiers of seed-eating birds 
(Borg e t  al. 1969),130 Iiut it does not necessarily contaminate 
aquatic ecosystems (Johnels and  \,\'estermark 1969).t9G 
Feathers of tivo species of fish-eating birds, the Osprey 
(Pandion haliaelus) a n d  the Great-crested Grebe (Pocrdeps 
crisfatus), have shown a gradual increase in mercury concen- 
tration since approximately 1900, paralleling the increase 
in industrial use of mcrcury in Sweden (Johnels a n d  
\\'estermark 1 969).Ig6 Experimental work in Sweden has 
shoivn that when pheasants \cere fed wheat treated with 
methyl-mercury dicyandianiicle, decreased hatchaldi ty  of 
eggs \vas associated with mercury concentrations in the 
eggs from 1.3 to 2.0 mg/kg of the wet weight contents 
(Borg e t  al. 1969).I3O I t  has been suggested that environ- 
mental mercury may impair the reproductive capacity of 
bird species at the tops of food chains, such as falcons 
(Firnreite e t  nl. 1970),'61 a n d  in Finland mercurv may h a w  
contributed to the clecline of the \\'hitetailed Sea Eagle 
(Ha/taetus albicrlla) in regions where the species feeds upon 
marine fish and marine Iircls (Henriksson et al. 1966).I9O 
Conclusive evidence that mercury has impairccl the rcpro- 
cluctive capacity of any  species of wildlife, however, has 
not yet Ixcn obtained and  furthcr research is necessary. 
Fish-eating birds and  mammals a re  the species most likely 
to be aKected IJecausc of their position a t  the top of the food 
c hai ti. 

The high natural levels of mercury in the marine cn- 
vironment and the significant additions due  to natural 
\vc,i[hcring. as wcii as the documented hazard to marine 
aquatic life and  to hutnans through marine foocls, make it 
desirable to eliminate inputs of mercury to the marine 
environmcnt beyond thosc occurring through continental 
weathering. 

Recommendation 

On the basis of data available at this time, it is 
suggested that concentrations of mercury equal to 
or exceeding 0.10 pg/l  constitute a hazard in the 
marine environment. 

In the absence of sufficient data on the effects 
of mercury in water upon wildlife, the recommen- 
dations established to protect aquatic life and 
public water supplies should also apply to protect 
wildlife. 

Molybdenum 

h4olylidenum has been found to be a needed micro- 
constituent in fresh waters for normal growth of phyto- 
plankton (.Arnon and  \Vessel 1953).Lt5 I n  mammals, es- 
posure to molybdenum may interfere with vital chemical 
reactions (Dick and Ball 1945).t46 

Molybdenum metal is quite stable and  is used in ferro- 
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molylidenuni for the manufacture of special tool steels. I t  
is availalile in a number of oxide forms as well as the 
disulphide. Molybdic acid is used in a number of chemical 
applications and in make-up of glazes for ceramics. 

Molylidenurn has not been considered as a serious pol- 
lutant, but it is a biologically active metal. It may be an  
important element insofar as protection of the ecosystem is 
concerned Iiecause of its role in algal physiolog. Certain 
species of algae can concentrate molylidenuni liy a factor 
up  to 15 (Lackey 1959).?1° Bioassay tests in fresh water on 
the fathead niinno\v gave a 96-hour LC50 for molybdic 
anhydride (Moo3) of 70 mg/l in soft Ivatcr and 370 mg/1 
in hard water. Although molybdenum is essential for the 
gro\vth of the alga Scencdesnius, the threshold concentration 
for a deleterious effect is 54 mg/l. Alolyl,dcnum concen- 
tration factors for marine species have Iiccn reported as: 
8 in Ixnthic algae; 26 in zooplankton; 60 i n  soft parts of 
molluscs; 10 in crustacean muscles; and I O  in fish muscle 
(Lowman et al. 1971).9' 

Recommendation 

The panel recommends that the concentration 
of molybdenum in sea water not exceed 0.03 of the 
96-hour LC50 at any time for the most sensitive 
species in sea water, and that the 24-hour average 
not exceed 0.02 of the 96-hour LC50. 

Nickel 

Nickel does not occur naturally in cleniental form. It is 
present as a constituent in m a n y  ores, minerals and soils, 
particularly i n  scr~)ciitinc-rock-clcri~ccl soils. 

Nickel is coinparati\.ely inert and is used in corrosion- 
rcsistant matcrials, !ong-livctl 1221 tc-rim, electrical contacts, 
spark plugs, and electrodes. A'ickel is used as a catalyst in 
hyrlrngcnation of oils and other organic substances. Its 
salts are used for dyes in ceramic. faliric, and ink manu- 
facturing. Nickel m a y  enter watcrs from mine wastes, 
electroplating plants, and froin atmospheric emissions. 

Kickel ions arc tosic, particularly to plant life, and may  
eshibit synergism when prcscnt with other metallic ions. 
Nickel salts in corntination Ivi th  a cyanide salt form 
moderately tosic cyanide complcscs \vhich, as nickel sulfate 
combined with sodium cyanide, gavc a 48-hour LC50 of 
2.5 mg/l and a 96-hour LC50 of 0.95 mg/l as CN-, using 
fathead minnows (Pinie/hlcs promelas) a t  20 C (Doudoroff 
1956).'48 Alkaline conditions reduced tosicity of a nickel 
cyanide complex considcral)ly, \vith concentrations below 
100 mg/I showing no apparcnt tosic effect on fish. 

Nickel salts can sulxtantially inhiliit the Iiiochemical 
oxidation of sewage (Malaney et  al. 1959).223 I n  fresh 
waters, nickel has lieen reported to Ix less toxic to fish 
and river cralx than zinc, copper, and iron (Podubsky 
and Stedronsky 1948).38 However, other investigators found 
nickel to lie more toxic to fish than iron and manganese 
(Doudoroff and Katz 1953).I5O 
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Ellis ( 1  937)15G reported that nickelous chloride froin 
electroplating wastes did not kill goldfish (Carasstus airratus) 
at  10 mg/l during a 200-hour exposure in very soft water. 
Wood (1964)304 reported that 12 mg/1 of nickel ion kill 
fish in 1 day and 0.8 mg/l kill fish in I O  days. Doudoroff 
and Katz ( I953)l5O reported survival of stickleback (Gaslero- 
s l e w  acrrIco/rrs) for 1 week in 1 mg/l of nickel as Ni(NOJ2. 

The  lethal limit of nickel to stickleliacks has lieen re- 
ported as 0.8 mg/l (Murdock 1953)?34 and 1 .O mg/1 (Jones 
1 939).Igs The median lethal concentration of nickel chloride 
(SiC:I?,GH,O) \cas reported as 4.8 mg'1 for guppies (Brcilia 
reliculala) (Shaw and Lowrance 1956).2c2 Goldfish (Carassirrs 
autalrrs) were killed liy nickel chloride at  4.5 mg/1 as nickel 
in 200 hours (Kudolfs et al. 1953).25G Tarzivcll and Hender- 
son ( I  960)27s reported 96-hour LC5O's for fathead minnows 
(Ptnir/hles /rronielas) as 4.0 mg/1 in soft \rater and 21 mg/I 
in hard water, espressed as NiCl? , 6H20 .  Anderson ( 1  948)"? 
reported a threshold conccntration of nickel chloridc for 
immolilization of D a / h i a  in Lake Erie water at 25 C to 
tic less than 0.7 mg/l in 63 hours of esposure. Bringmann 
and Kuhn (1 959a,I3' 195911'~~) reported nickel chloride 
thrcshold concentrations as nickel of 1.5 mg,4 for Srenrdcsnrirs, 
0.1 mg/l for Eschrrtrhia colt, and 0.03 ms/I for .Aficrorrgrria. 

Kickel is present i n  sea water at 5 to 7 j~g:l? in marine 
plants at  up  to 3 1ng/1, and in marine animals at  about 
0.4 nig/I. 
. Marine tosicity data for nickel are limited. The  top 
minno\c Firnditlirs \vas found to survi\~c in concentrations of 
100 mg/I Nickel from the chloridc in salt water, although 
the same species was killed Iiy 8.1 mg/l of the salt (3.7 
nig/l Ni) in tap water (Thomas cited 1)y Doudoroff and 
Katz 1953).'"O Long-term studies on oysters (Haydu un- 
prrblished d o / ~ ) ~ ~ ~  sho\ved substantial mortality a t  a nickel 
concentration of 0.12 mg/l. Calaliresc et  at. (irn/irrDIished 
d ~ i a ) ~ ' ~  found 1.54 mg/1 of nickel to be the LC50 for eggs 
of the oyster (Crassosrreo virginicaj. 

Recommendation 

I t  is recommended that an application factor of 
0.02 be applied to 96-hour LC50 data on the most 
sensitive marine species to be protected. Although 
limited data are available on the marine en\i 7 ron- 
ment, it is suggested that concentrations of nickel 
in excess of 0.1 mg/l would pose a hazard to marine 
organisms, and 0.002 mg/l should pose minimal 
risk. 

, 

Phosphorus 

Phosphorus as phosphate is one of the major nutrients 
required for algal nutrition. In  this form it is not normally 
tosic to aquatic organisms or to man. Phosphate in large 
quantities in natural waters, particularly in fresh waters, 
can lead to nuisance algal growths and to eutrophication. 
This is particularly true if there is a sufficient amount of 
nitrate or other nitrogen compounds to supplement the 
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phosphate. Thus, there is a need for control of phosphaie 
input into marine waters. See Sewage and Nutrients, p. 
275, for a discussion of the effects of phosphate as a nutrient. 

Phosphorus in the elemental form is particularly toxic 
and subject to bioaccumulation in much the same way as 
mercury (Ackman e t  al. 197O,lo4 Fletcher 197116*). Isom 
(1960) lS8 reported an  LC50 of 0.105 mg/l a t  48 hours and 
0.025 mg/l at 163 hours for bluegill sunfish (Lepornis macro- 
chirus) exposed to yellow phosphorus in distilled water a t  
26 C and p H  7. 

Phosphorus poisoning of fish occurred on the coast of 
Newfoundland in 1969 and demonstrated what can happen 
when the form of an element entering the sea is unknown 
or at least not properly recognized (Idler 1969,165 Jangaard 
1970,L81 Mann and Sprague 1970%'). The elemental phos- 
phorus was released in colloidal form and remained in 
suspension (Addison and Ackman 1970).'05 After the release 
of phosphorus was initiated, red herrings began to appear. 
The  red discoloration was caused by haemolysis, typical of 
phosphorus poisoning in herring (Clupeu harengrrs), and ele- 
mental phosphorus \vas found in herring, among other 
fishes, collected 15 miles away (Idler 1969,Is5 Jangaard 
1 97Olg1). 

Fish will concentrate phosphorus from water containing 
as little as one pg/l (Idler 1969).lS5 In one set ofexperiments, 
a cod swimming in water containing one pg/l elemental 
phosphorus for 18 hours was sacrificed and the tissues 
analyzed. The  white muscle contained about 50 bg/kg, the 
brown, fat tissue about 150 pg/kg, and the liver 25,000 Hg/l 
(Idler 1969,Is5 Jangaard 1970181). The experimental findings 
showed that phosphorus is quite stable in the fish tissues. 
Fish with concentrated phosphorus in their tissues could 
swim for considerable distances before succumbing. In ad- 
dition to the red surface discoloration in herring, other 
diagnostic features of phosphorus poisoning included green 
discoloration of the liver and a breakdown of the epithelial 
lining of the lamellae of the gill (Idler 1969).Is5 

A school of herring came into the harbor one and one- 
half months after the phosphorus plant had heen closed 
down. These herring spawned on the wharf and rocks near 
the effluent pipe, and many of them turned red and died. 
A few days later, "red" herring were caught a t  the mouth 
of the harbor on their way out. The  herring picked up  
phosphorus from the bottom sediments which contained 
high concentrations near the effluent pipeline (Ackman 
e t  al. 1970).10' Subsequently, this area was dredged by 
suction pipeline, and the mud was pumped to settling and 
treatment ponds. No further instances of red herring were 
reported after the dredging operation, and the water was 
comparatively free of elemcnti! phozphcrzs (P.ddisor. c; ';I. 
1971).'M 

Reports of red cod caught in the Placentia Bay area 
were investigated, and it was found that no phosphorus was 
present in the cod tissues. Surveys of various fishing areas 
in Newfoundland established that red cod are no more 

prevalent in Placentia Bay than in other areas. In labora- 
tory studies, cod exposed to elemental phosphorus have not 
shown the red discoloration observed in herring and 
jalmonids. However, cod do concentrate phosphorus in the 
muscle tissue as well as in the liver and can eventually 
succumb to phosphorus poisoning (Dyer e t  al. 1970).'54 

I t  was demonstrated by field investigations and labora- 
tory experiments (Ackman et al. 1970,10' Fletcher ct al. 
1970,163 Li et al. 1970,*16 Zitko et al. 1970,309 Fletcher 
197 that elemental phosphorus accounted for the fish 
mortalities in Placentia Bay. This is not to say that other 
pollutants, such as fluorides, cyanides, and ammonia, were 
not present (Idler 1969).ls6 

The conclusion was reached by the scientists working on 
the problem that elemental phosphorus in concentrations 
so low that they would be barely within the limits of de- 
tection are capable of being concentrated by fish. Further 
work is needed on the effects of very low concentrations 
of phosphorus on fish over extended periods. Discharge of 
elemental phosphorus into the sea is not recommended. 

Recommendation 

I t  is recommended that an application factor of 
0.01 be applied to marine 96-hour LC50 data for 
the appropriate organisms most sensitive to ele- 
mental phosphorus. On the basis of data available 
at  this time it is suggested that concentrations of 
elemental phosphorus equal to or exceeding 1 pg/l 
constitute a hazard to the marine environment. 

Selenium 

Selenium has heen regarded IS cze cf the :!angcrous 
chemicals reaching thc aquatic environment. Selenium 
occurs naturally in certain pasture areas. Toxicity of se- 
lenium is sometimes counteracted by the addition of arsenic 
which acts as an antagonist. Selenium occurs in nature 
chiefly in combination with heavy metals. I t  exists in 
several forms including amorphous, colloidal, crystalline, 
and grey. Each physical state has different characteris- 
tics, solulde in one form, but insoluble in another. The 
crystalline and grey forms conduct electricity, and the 
conductivity is increased by light. This property makes 
the element suitable for photoelectric cells and other pho- 
tometry uses. Selenium is also used in the manufacture 
of ruby glass, in wireless telegraphy and photography, in 
vulcanizing rubber, in insecticidal preparations, and in 
flameproofing electric cables. The amorphous form is used 
as a catalyst in determination of nitrogen and for dehydroge- 
nation of organic compounds. 

E i i i b  < i %7j::c snowed that goldhsh (Curassius arrratus) 
could survive for 98 to 144 hours in soft water of pH ranging 
from 6.4 to 7.3 a t  IO mg/l sodium selenite. Other data 
(ORSANCO 1950)243 showed that 2.0 mg/l of selenium 
administered as sodium selenite was toxic in 8 days, affecting 
appetite and equilibrium, and lethal in 18 to 46 days. 
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More work is required to test for effects of selenium com- 
pounds under different conditions. Daphnia exhibited a 
threshold effect at  2.5 mg/l of selenium in a 48-hour ex- 
posure at  23 C (Bringmann and Kuhn 1959a).I3l Barnhart 
(1958)II8 reported that mortalities of fish stocked in a 
Colorado reservoir were caused by selenium leached from 
bottom deposits, passed through the food chain, and ac- 
cumulated to lethal concentrations by the fish in their liver. 

Recommendation 

In view of the possibility that selenium may be 
passed through the food chain and accumulated in 
fish, it is recommended that an application factor 
of 0.01 be applied to marine 96-hour LC50 data for 
the appropriate organisms most sensitive to se- 
lenium. On the basis of data available at this time, 
it is suggested that concentrations of selenium 
equal to or exceeding 0.01 mg/l constitute a hazard 
in the marine environment, and levels less than 
0.005 mg/l present minimal risk of deleterious 
effects. 

Silver 

Silver is one of the more commercially important metals; 
4,938 tons were consumed in  the U.S. during 1968, esclud- 
ing that used for monetary purposes (U.S. Department of 
the Interior, Bureau of Mines 1969).28g It is the best known 
conductor of heat and electricity. Although not oxidized by 
air, silver is readily affected by hydrogen sulfide to form 
the black silver sulfide. 

Silver has many uses. In addition to making currency, it 
is used for photographic purposes, for various chemical 
purposes, and also in jewelry making and in siivcrplating 
of cutlery. 

Silver is toxic to aquatic aliiiiiiak. Concc:::r~:i~~s nf 400 
pg/l killed 90 per cent of test barnacles (Bnlanus balanoides) 
in 48 hours (Clarke 1947).I4O Concentrations of silver nitrate 
from I O  to 100 pg/l caused abnormal or inhibited develop- 
ment of eggs of Paracentrolus and concentrations of 2 pg/l of 
silver nitrate delayed development and caused deformation 
of the resulting plutei (Soyer 1963).2G6 Adverse effects oc- 
curred at concentrations below 0.25 pg/l of silver nitrate, 
and several days were required to eliminate adverse effects 
by placing organisms in clean.water (Soyer 1 963).266 Silver 
nitrate effects on development of Arbocia have been reported 
at  approximately 0.5 pg/l (Soyer 1 963,266 \Yilber 1 96gZQQ). 
In combination with silver, copper acts additively on the 
development of Paracentrolus eggs (Soyer 1963).266 O n  a 
comparative basis on studies on Echinoderm eggs (Soyer 
1963),2G6 silver has txcn found to be about 80 times as 
toxic as zinc, 20 times as toxic as copper, and IO times as 
toxic as mercury. 

Calabrese et al. (unpublished rnanus~ript)~'~ noted an LC50 
of 0.006 mg/l silver for eggs of the American oyster (Cras- 
soslrea virginica). Jones ( 1948)2M reported that the lethal 
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concentration limit of silver, applied as silver nitrate, for 
sticklebacks (Goslerosfeus oculealus) at 15 to 18 C was 0.003 
mg/l, which was confirmed approximately by Anderson 
(l948),"* who found 0.0018 mg/l to be the toxic threshold 
for sticklebacks. Jackim et al. ( 1  97O)Ig0 reported adverse 
effects on the liver enzymes of the killifish Fundulus heteroclitus 
at 0.04 mg/l of silver. 

The sublethal responses to silver compounds may be 
great, in view of the effects on developing eggs; and further 
research should be conducted on effects of sublethal concen- 
trations of silver compounds by themselves and in combi- 
nation with other chemicals. The disruption of normal 
emlxyology or of nutrition could be of much greater im- 
portance than direct mortality in the perpetuation of the 
species. 

Concentrations of silver cannot exceed that permitted 
by the low solubility product of silver chloridc. However, 
silver complexes may be present, and thcir effects arc un- 
known. 

Recommendation 

It  is recommended that the concentrations of 
silver in marine waters not exceed 0.05 of the 96- 
hour LC50 for the appropriate species most sensi- 
tive to silver. On the basis of data available at this 
time, it is suggested that concentrations of silver 
equal to or exceeding 5 p g / l  constitute a hazard to 
the marine environment, and levels less than 1 
pg/l present minimal risk of deleterious effects. 

Sulfides 

Sulfides in the form of hydrogen sulfide have the odor of 
rottcn eggs 2nd rre quite tnsic. Hydrogen sulfide is soluble 
in water to the extent of 4000 mg/l a t  20 c and 1 atmos- 
phere Sulfides are produced as a by-product in tanneries, 
chemical plants, and petroleum refineries, and are used in 
pulp mills, chemical precipitation, and in chemical pro- 
duction. Hydrogen sulfide is produced in natural decompo- 
sition processes and in anaerobic digestion of sewage and 
industrial wastes. Sulfate in sea water is reduced to sulfide 
in the absence of oxygen. In  the presence of certain sulfur- 
utilizing bacteria, sulfides can be oxidized to colloidal 
sulfur. At the normal pH and oxidation-reduction potential 
of aerated sea water, sulfides quickly oxidize to sulfates. 

Hydrogen sulfide dissociates into its constituent ions in 
two equilibrium stages, which are dependent on pH 
(McKee and Wolf 1963).n6 

The toxicity of sulfides to fish increases as the p H  is 
lowered because of the HS- or H2S molecule (Southgate 
1 948).?05 Inorganic sulfides are fatal to sensitive species such 
as trout a t  concentrations of 0.05 to 1.0 mg/l, even in 
neutral and somewhat alkaline solutions (Doudoroff 

was reported t o h e  lethal t o  oysters (de Oliveira 1924)."5 
Bioassays with species of Pacific salmon (Oncorhynchus 



2 56/Section IV-Marine Aqualic Life and M'ildlife 

tshawylscha, 0. kisutch) and sea-run trout (Sclmo clarkii clarkii) 
showed toxicity of hydrogen sulfide at 1 .O mg/l and survival 
without injury at  0.3 mg/l (Van Horn et al. 1949,291 Dimick 
1952,147 Haydu et al. 1952,'79 Murdock 1953,234 Van Horn 
1959290). Holrand et al. (1960)'s2 reported that 1 mg/l of 
sulfide caused loss of equilibrium in 2 hours, first kills in 
3 hours, and 100 per cent mortality in 72 hours with 
Pacific salmon. 

Hydrogen sulfide in .bottom sediments can affect the 
maintenance of benthic invertebrate populations (Thiede 
et al. 1969).280 The eggs and juvenile stages of most aquatic 
organisms appear to be more sensitive to sulfides than do 
the adults. Adelman and Smith (1970)'O' noted that hy- 
drogen sulfide concentrations of 0.063 and 0.020 mg/l 
killed northern pike (Esox fucius) eggs and fry, respectively; 
and at 0.018 and 0.006 mg/l, respectively, reduced survival, 
increased anatomical malformations, or decreased length 
were reported. 

Recommendation 

I t  is recommended that an application factor of 
0. i  be appiied to marine 96-hour LC50 for the 
appropriate organisms most sensitive to sulfide. 
On the basis of data available at this time, it  is 
suggested that concentrations of sulfide equal to 
or exceeding 0.01 mg/l constitute a hazard in the 
marine environment, and levels less than 0.095 
mg/l present minimal risk of deleterious effects, 
with the pH maintained within a range of 6.5 to 8.5. 
Thallium 

Thallium salts are used as poison for rats and other 
rodents and are curniil;ctive pnisons. They are :!so xei :  feu- 
dyes, pigments in fireworks, optical glass, and as a de- 
pilatory. 

Thallium forms alloys with other metals and readily 
amalgamates with mercury. I t  is used in a wide variety of 
compounds. Nehring ( 1963)?38 reported that thallium ions 
were toxic to fishes and aquatic invertebrates. The response 
of fishes to thallium poisoning is similar to that of man, an 
elevation in blood pressure. In both the fish and inverte- 
brates, thallium appears to act as a neuro-poison (\ViIber 
1 969).299 

Adverse effects of thallium nitrate have heen reported for 
rainbow trout (Salmo gairdneri) at levels of 10 to 15 mgjl;  
for perch (Percn Juvialilis) at levels of 60 mg/l; for roach 
(Rufifus rutilis) at  levels of 40 to 60 mg/l; for water flea 
(Daphnia sp.) at levels of 2 to 4 mg/l; and for Cammarus sp. 
at levels of 4 mg/l. The damage was shown within three 
days for the various aquatic organisms tested. Damage also 
iesdiccl il' ihe fish were exposed to much lower concen- 
trations for longer periods of time (\Vilber 1969).?99 

Recommendation 

Because of a chronic effect of long-term exposure 
of fish to thallium, tests should be conducted for 

at least 20 Gays on sensitive species. Techniques 
should measure circulatory disturbances (blood 
pressure) and other sublethal effects in order to 
determine harmful concentrations. The concen- 
tration in sea water should not exceed 0.05 of this 
concentration. On the basis of data available at 
this time, i t  is suggested that concentrations of 
thallium equal to or exceeding 0.1 mg/l constitute 
a hazard in the marine environment, and levels 
less than 0.05 mg/l present minimal risk of dele- 
terious effects. 

Uranium 

Uranium is present in wastes from uranium mines and 
nuclear fuel processing plants, and the uranyl ion may 
naturally occur in drainage waters from uranium-bearing 
ore deposits. Small amounts may also arise from its use in 
tracer work, chemical processes, photography, painting and 
glazing porcelain, coloring glass, and in the hard steel of 
high tensile strength used for gun barrels. 

Akiiiy of iiir sails of uranium are soiuble in water, and 
i t  is present a t  about 3 pg/l in sea water. A significant 
proportion of the uranium in sea water is in the form of 
stable complexes with anionic constituents. It has been 
estimated that uranium has a residence time of 3X106 
years in the oceans (Goldberg et al. 1971),17? a span that 
makes it one of the elements with the slowest turnover time. 
Uranium is stabilized by hydrolysis which tends to protect 
i t  against chemical and physical interaction and thus pre- 
vents its removal from sea water. The salts are considered 
to be 4 times as germicidal as phenol to aquatic organisms. 

the algae Ochromonas by a factor of 330 in 48 hours (Morgan 
1961).232 Using River Have1 water, Bringmann and Kuhn 
( 1959a,I3I 1 959b13?) determined the threshold effect of uranyl 
nitrate, expressed as uranium, at  28 mg/l on a protozoan 
(Microregma), 1.7 to 2.2 mg/l on Escherichia Coli, 22 mg/l 
on the alga Scenedesmus, and 13 mg/l on Daphnia. Tarzwell 
and Henderson ( 1956)277 found the sulfate, nitrate, and 
acetate salts of uranium considerably more toxic to fathead 
minnows (Pimephales promelas) on 96-hour exposure in soft 
water than in hard water, the 96-hr LC50 for uranyl sulfate 
being 2.8 mg/l in soft water and 135 mg/l in hard water. 

The sparse data for uranium toxicity in sea water suggest 
that urany! salts are less toxic to marine organisms than to 
freshwater organisms. Yeasts in the Black Sea were found 
to he more active than the bacteria in taking up uranium 
(Pshenin 1960).251 Studies by Koenuma ( 1956)?05 showed 
that the formation of the fertilization membrane of Urechis 
eggs was inhibited by 250 mg/l of uranyl nitrate in sen 
water, and that this concentration led to polyspermy. 

Nat~ira! nrzninm (Lr-238) is coficcfitiatd h i i i  \cater by 

Recommendation 

I t  is recommended that an application factor of 
0.01 be applied to marine 96-hour lLC50 data for 
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the appropriate organisms most sensitive to 
uranium. On the basis of data available a t  this 
time it is suggested that concentrations of uranium 
equal to or exceeding 0.5 mg/l constitute a hazard 
in the marine environment, and levels less than 
0.1 mg/l present minimal risk of deleterious effects. 

Vanadium 

Vanadium occurs in various minerals, such as chileite 
and vanadinite. It is used in the nianufacture of vanadium 
steel. Vanadates \vere used a t  one time to a sinall extent 
for mcdicinal purposes. Vanadium has been concentrated 
by certain marine organisms during the formation of oil- 
ticaring strata in geological time. Consequently, vanadium 
enters the atmospherc through the combustion of fossil 
fuels, particularly oil. In addition, eighteen c o m p o ~ i n d ~  of 
vanadium are used widely in commercial processes (Council 
on Environmental Quality 197 

Recommendation 

I t  is recommended that the concentration of 
vanadium in sea water not exceed 0.03 of the 96- 
hour LC50 for the most sensitive species. 

Zinc 

Most of the availaldc information on zinc tosicity is for 
fresh\va tcr organisms, and for this reason thc rcaclcr is 
referred to the discussion of zinc in Section 111, 13. 182. 

Recommendation 

Because of the bioaccumulation of zinc through 
the food web, with high concentrations occurring 
particularly in the invertebrates, it is recom- 
mended that an application factor of 0.01 be ap- 
plied to marine 96-hour LC50 data for the ap- 
propriate organisms most sensitive to zinc. On the 
basis of data available a t  this time, it is suggested 
that concentrations of zinc equal to or exceeding 
0.1 mg/l constitute a hazard in the marine en- 
vironment, and levels less than 0.02 mg/l present 
minimal risk of deleterious effects. 

I t  should be noted that there is a synergistic 
effect when zinc is present with other heavy metals, 
e.&, Cu and Cd, in which case the application 
factor may have to be lowered by an order of 
magnitude (LaRoche 1972).*11 

OIL IN THE MARINE ENVIRONMENT 

Oil is Ijccoming one of thc most widespread contaminants 
of the ocean. Blumcr (1969)319 has estimated that  bet\veen 
1 and 10 million nietric. tons of oil may be entering the 
oceans from all sources. h4ost of this influx takes place in  
coastal regions, but oil slicks and  tar  lxills have also Ixcn 
observed on the high seas (Horn e t  al. 1970,334 Morris 

1971343). Collections of tar  balls were made by towing a 
neuston net which skims the surface, and  the investigators 
found that the tar  balls were more abundant  than the 
normal sargassum weed in the open .4tlantic. and that  their 
nets quickly liecame so coated with tar and oil that  they 
were unusalde. Thus, oil pollution of the sea has Ixcome a 
global prolilcm of great, even though as yet inadequately 
assessed, significance to the fisheries of the world. 

Sources of Oil Pollution 

Although accidental oil spills are spectacular events and  
attract the most puldic attention, they constitute only about  
10 per cent of the total amount of oil entering the marine 
environment. T h e  other 90 per cent originates from the 
normal opcration of oil-carrying tankers, other ships, off- 
shore production, refinery operations, and  the disposal of 
oil-\vaste materials (Table IV-4). 

T w o  sources of oil contamination of the sca not listed in 
Talde  IV-4 are thc seepage of oil from underwater oil 
rescrvoirs through natural causes and thc transport of oil 
in the atmosphere from which it precipitates to thc surface 
of the sea. Natural seepage is prol~aldy smnll compared to 
the direct input to the ocean (Blunier 1972);3?n but the 
atmospheric transport, which includes hydrocarbons that  
have evaporated or Ixen emitted by engines aftcr incomplete 
combustion, may lie greater than the direct input. 

Sonic of these sources of oil pollution can Ije controlled 
morc rigorously than others, but without application of 
adequate controls \vherevcr possilile the amount  of pe- 
troleum hydrocarbons entering the sea \vi11 increase. O u r  
technology is Ixised upon a n  expanding use of petrolcum; 
and the production of oil from sulxnarine reservoirs and  
the USC of the sea to transport oil will both increase. I t  is 
estimated that  the \vorld production of crude oil in 1969 
was near ly  2 billion tons; on  this Insis total losses to the 
sea are somewhat over 0.1 per cent of world production. 

TABLE IV-4-Estimated Direct Petroleum Hydrocarbon 
Losses to  the Marine Environment (Airborne 
Hydrocarbons Deposited on the Sea Surface are 

h’ot Included) 
(Millions of tons)  

1869 1915 (estimate)’ 1980 (estimate) 
M i n  Mar M i n  Max 

1. Tankers .......................... 
2 Other ships., ..................... 
3. Onshore production. ............... 
4. Rsllncry operations.. ............... 
5. Oil wastes.. ...................... 
6. M d s n f a i  spills., ................. 

i o i a i . ,  ..................... 
Tofal Cruds Oil Production.. .......... 

. 510 

.m 
,100 
,500 
,550 
.200 

2.180 
1820 

- 

.056 .805 
,105 .lo5 
.160 .3m 
.m .450 
,825 .B25 
,500 .300 

2.246 3.405 
2100 

- -  

,015 
,940 
,230 
. 440 

1.200 
,440 

3.325 
- 

1.062 
.940 
,460 
,650 

1.m 
. 400 

4.152 
- 

4000 

a The minimum sstimalss assums full use 01 known tahnolcqy; lhs maximums auums WntinlutiOn Of PrsWn 

Rsvrlle et al. 1912’45. 
practicer 
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- Some losses in the exploitation, transportation, and use of a 
natural resource are inevitable; but if this loss ratio cannot 

radically improved, the oil pollution of the ocean will 
increase as our utilization increases. 

Biological Effects of Petroleum Hydrocarbons 

Description of Oil Pollution Oil is a mixture of 
many coinpouiids, and there are conflicting views con- 
cerning its toxicity to marine organisms. Crude oils may 
contain thousands of compounds, and will differ markedly 
in their composition and in such physical properties as 
specific gravity, viscosity, and boiling-point distribution. 
The  hydrocarbons in oil cover a wide range of molecular 
weights from 16 (methane) to over 20,000. Structurally, 
they include aliphatic compounds with straight and 
branched chains, olefins, and the aromatic ring compounds. 
Crude oils differ mainly in the relative concentrations of 
the individual members of these series of compounds. The 
various refinery processes to which oil is subjected are de- 
signed to isolate specific parts of the broad spectrum of 
crude oii compounds, but the refined products themselves 
remain complex mixtures of many types of hydrocarbons. 

In  spitc of the many differences amoqg them, crude oils 
and their refined products all contain c6rnpounds that are 
toxic to species of marine organisms. When released to the 
marine environment, these compounds react differently. 
Some are soluble in the water; others evaporate from the 
sea surface, form extensive oil slicks, or settle to the bottom 
if sand becomes incorporated in the oil globule. More 
complete understanding of toxicity and the ecological 
effects of oil spills will require studies of the efTects of indi- 
vidr?~! ~cx-p~ncnts,  Gi at :sasi of dasses of components, of 
the complex mixture that made up the original oil. The 
recent development of gas chromatography has made it 
possible to isolate and identify various fractions of oil and 
to follow their entry into the marine system and their 
transfer from organism to organism. 

An oil slick on the sea surface can be visually detected 
by iridescence or color, the first trace of which is formed 
when 100 gallons of oil spread over 1 square mile (146 
liters/km?) (American Petroleum Institute 1949).317 The  
average thickness of such a film is 0.145 microns. Under 
ideal laboratory conditions, a film 0.038 microns thick can 
be detected visually (American Petroleum Institute 1963).31* 
For remote sensing purposes, oil films with a thickness of 
100 microns can be detected 'using dual polarized radi- 
ometers, 1 micron using radar imagery, and 0.1 microns 
using multispectral imagery in the UV region (Catoe and 
Orthlieb 1971).323 A summary of remote sensing capabilities 
is presented in Table IV-5. Because remote sensing is less 
effective than the eye in detecting surface oil, any concen- 
tration of oil detectable by remote means currently available 
will exceed the recommendations given below. 

The death of marine birds from oiling is one of the earliest 
and most obvious effects of oil slicks on the sea surface. 

Thousands of seabirds of all varieties are often involved in 
a large spill. Even when the birds are cleaned, they fre- 
quently die because the toxic oil is ingested in preening 
their feathers. Dead oiled birds are often found along the 
coast when no known major oil spill has occurred, and the 
cause of death remains unknown. 

When an oil spill occurs near shore or an oil slick is 
brought to the intertidal zone and beaches, extensive mor- 
tality of marine organisms occurs. When the Tampico 
Maru ran aground off Baja California in 1957, about 
60,000 barrels of spilled diesel fuel caused widespread death 
among lobsters, abalones, sea urchins, starfish, mussels, 
clams, and hosts of smaller forins (North 1967).344 A bene- 
ficial side effect of this accident was also noted by North. 
IVhen the sea urchins that grazed on the economically im- 
portant kelp beds of the area were killed in massive numbers 
by the oil spill, huge canopies of kelp returned within a few 
months (see p. 237). The oil spills from the wreck of the 
tanker Torrey Canyon and the Santa Barbara oil well 
blowout both involved crude oil, and in hn th  cziscs ci! 
reached the beaches in variable amounts some time after 
release. The oil may thus have been diluted and modified 
by evaporation or sinking before it reached the beach. 
In the Santa Barliara spill many birds died, and entire 
plant and animal communities in the intertidal zone were 
killed by a layer of encrusting oil often 1 or 2 centimeters 
thick (Holmes 1967).333 At locations where the oil film was 
not so olivious, intertidal organisms were not severely 
damaged (Foster et al. 1970)."' In  the case of the Torrey 
Canyon, the deleterious effects have Ixen attributed more 
to the detergents and dispersants used to control the oil 
than to the 011 itself (Smith 1968).347 

A relatively srnall oil spill in \\'est Falmouth, Massa- 
chusetts, occurred within a few miles of the \\roods Hole 
Occanographic Institution in September 1969. An oil 
barge, the Florida, \vas driven onto the Buzzards Bay Shore 
where it released between 650 and 700 tons of No. 2 fuel 
oil into the coastal uaters. Studies of the biological and 
chemical effects of this spill are continuing, more than two 
years after the event (Blumer 1969,3'9 Hampson and 
Sanders 1969,33' Blumer et al. 1970,3" Blumer and Sass 
197Z3?'). Massive destruction of a wide range of fish, shell- 
fish, wornis, crabs, other crustaceans, and invertebrates oc- 
curred in the region immediately after the accident. Bottom- 
living fish and lobsters were killed and washed ashore. 
Dredge samples taken in IO feet of water soon after the 
spill showed that 95 per cent of the animals recovered were 
dead and the others moribund. Much of the evidence ot 
this immediate toxicity disappeared within 2 few dzys, 
either because of the breaking up  of the soft parts of the 
organism, burial in the sediments, or dispersal by water 
currents. Careful chemical and biological analyses reveal, 
however, that not only has the damaged area been slow to 
recover but the extent of the damage has been expanding 
with time. A year and a half after the spill, identifiable 
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TABLE IV-5-Summory of Remote Sensor Characteristics For Oil Detection 

Pmr ibk  PW confiwntion 

TY ps Resolution Weilht Volume Swathwidth Comments 
waw lsm W o n  matanism Mmnca summary 

U b r i o b t (  _<0.4fl). ReOIEtrne dinarrntirl (D i l l  Reflartiw signature UV Vidicon 
water conblcl) a. R~tablepositiwraponsehomthin 

slicks (-.1 micron). 
b. Variable response trom thicker slicks 

dependent upon oil typ. watar quality 
and illumination conditions. 

FIUMOSC3nCC 

c. Atmospheric haze limitations major. 
d. Signal limitations prewnl nilht.time 

delcclion. 
FlUMCXdnM signature UV Scanner 
1.Artiticial Ercitation (narrow-band) pulsed Later 

a. Spectral character strongly cmelated 
to oil thickness. 

b. Intensity strongly correlated to oil type 
(API) and oil thickness. weakly me. 
bled to tempnture. 

L Dewy chanrtcristics modcrateh to 
rtrongly correlated to o i l  type. umr- 
related to oil thickness. 

d. A11 characteristics independent 01 am. 
bient illumination conditions. 

2 Solar ercitation (broad-band) 
a. Spectral character moderately to 

wwklycorrelatedtooiltypeandthick. 
ness. 

b. Intensity strongly correlated to o i l  
type. oil thickness and ambient illumi. 
nation conditions. 

L Decay characteristics not d8lKhblC. 
d. Signal limitations prevent operation 

eicept under strong solar illurnination. 

Visible (0.4 to .7 ,,m).. Reflectance Oinarential(O.1 f Reflective Signature Aerial Camaras 
Water Contrast) a. Variable response trom a l l  slicks de. RC.8 

pendent upon thickness. oil type, water 
quality and illumination conditions 

b. Signal limitations prevent moonless W.EL 
nighttime detection. 

c. False alarm problem significant. 
d. Atmospheric haze limitation major. 
e. Maximum conhs t  between oil and 

water occurs at(. 3810 .4Srm) and (. 6 Vidicon 
lo .Mpm). 

I. Minimum contrast between oil and 
water ouurs at(.45 to .58pm) 

(. Best contrast achieved with overust 
sky. 

KA-62 

5M lina/tnme 33 Ibs. 2 cu. K 4P FOV (121 I t  Developedquipmentanil. 
(hilh sene il- able lor UV vidicon and/ 
bmination) m scanner. lntqrates 

1W-200 finar/lnme mll with CRT display. 
(Im scene illumint. 

@ 10 K) 

tion) 

2 mr 
1 mr 

2 l t @ t O K  

3.5tL@ 10 K 

I ,  ,I 

5 i i ncs i i i i i i l i  

IdrtISd R e k t i v e  Si(nature 
Near ln lnred (0.6 to Rencclrner Dlmmtial (ai f 1. Reputable @tire response lrom all Une Scanner 

0.1 ,,m) waw contncl) slicks under a l l  conditions. 

.M) bility. 
Fu latnred (8 la 14 lharrml Emlsdon Oilloential h Mwnless nilht-time delation ap. Fnminl h n n o  4 nu 

L False alarm poblsms n d b b l e .  
d. AtmmphMiChaZc limitation modenla 

2 mr 

Line scanner may rqu i re  
data buncr lor high reso. 
Iution. real time display, 

Bo Ibs. 3.5 cu. tL 2.1 mi@ 10 I( or film praessor 
1 s  Ibs. 4 cu. tL 10 It@ 10 K Enative against thin and 

thick slicks under solar, or 
artificial illumination. 

Active laser system senti. 
t i r i ty  limitations hinder 
use in  delection or map 
ping mode. Identifica. 
tion u p b i l i t y  very 
I w d .  with moderate to 
lood thickness deter. 
mirution. 

11.76 cu. It. 1P FOV Aerial umeraf  real time 
3.5 mi. @ 10 I( display not possible. 1 190 Ibs. 

t 16 Ibh  . I C U . I t  

61.51bh 5.24cu.lL ) 

Sensitivity limitations 
prcvenl night.timc oper- 

ations. 
Comp:nution lor almos. 

pheric haze dinicult. 

. In, .-. H .- Up FOV with UV Dhotiraphy great po- 
tenlial 101 delat ing oil. 
Color is good; however. 
sunliiht gives lalse re. 
sponse. Panchromahc. 
IR and color photop 
raphy and TV give lood 
results only when oil is 
thick and ropy. 

.. 0.. .J.l l".. 

m m  lens 1270 
It at 10 I( 

Vidicon useful lor real. 
time dclKtiOn and map 
ping at various wave 
lenflhs, ginng option 
lor gwd dctKtion with 
nefl idble lalw alarms 
In dry operation and 
lair-to.good detKtion 
with low blse alarms 
la night operation Dis. 
plr j  charrctericlics op 
t imum lor surveillance. 

4.0 ai. n 
3.5~u.n s FOV . sentially predictrble. but 

1.7 mi@ to  K Une scanner o i l 4 i ck  re- 
sponw variable but es- 

my have some false 
atarm problems. 

90 ms. 
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TABLE IV-5-Summary of Remote Sensor Chorocteristics For Oil Detection-Continued 

Potriblo senrm conngunbon 
Ware length D8tKUOIl mKhlniSm Performance summary 

TY pe Resolution Weight Volumn Swath width Comments 

Thermal Signature 
a. Variable response dependent grossly 

upon o i l  type and dependent signill. 
canlly upon thickness and solar heat. 
ing. Variability predictabln to sip 
niflcanl dqree (slicks>IOpm) 

b. Oay/night d e t ~ t i o n  independent01 il- 
lumination conditionr 

e False alarm problem slight 
d. Almospheric hare limitations modu- 

ate I o  slight. 

Microwavo.. . . . . . . . . . Emissirs Diflerential (Oil/ 

Wave Structure ModifiuUOn 

Emissive Signalure Line Scanning 
Water Contrast) a. Emissinty 01 pelroleurn products is lmtger 

signiilunliy higher than that 01 a ulm 
sea surface. 

dielectric consta~its (increasing emir- 
dr i ly )  with increasing API gravity. 

c. Microwars signaturn 01 oil film in- 
versely proportional to sensor war0 
!e!$!. 

d. The horizonlal polarized microwave 
signalurs 01 oil i s  twice the ver l iu l t j  
polarired signature ot an oil slick on a 
LI water surlaca 

e. DetrtBon improves wilh decreasing 
sensof wave lengths and bKomC1 
poorer as the sea slate increases. 

I. Atmospheric cloud limitations modcr. 
ate lo s l ight  

g. Can cflectively dClKl  slicks less than 
0.1 mm at viewing. 

h. Dual Irquency microwavo lechniques 
show great promise i n  measurin~ oil 
slick Ihicknesr 

b. Crud8 oil pollUtanlS haw0 dKIWSin l  

Dayln i th l  datettion undu 
YFR cozdi8on; 

Real limo d isp lq  cap 
hililies good bul  
limited to"dnglo~loah" 
display generation 

Developed equipment 
availahlo. 

l .C 68 Ibr 3 CU. n 2.1 mi@ I O  K Clouds that are rainin: 
between sensor and 
slick as well as vefy 
hlgh s8a sta11s lumpor 
perlormaw. 

Technology for equipment 
development availahla 

R e a l  time display wnsirtr 
01 lacsimile and/or 
CRT. 

Radar.. . . .. . , , , . . , . , Wave Structure Modillcation ReIlKtive Signalurn forward Scanning IMXtOO It' -600 t b r  
Scatterinn Cross.rection a. Oil film I n  wfie p!%!%%;;:e:z: :!S P!!.: 
Diflerential capillafy which results in  a signillcant 

diflerencn in tntrgy back scattered 
lrom conlaminaled surface and that 
scattered lrom surrounding clean wa- 
ter (from ail slicks very little energy Synthetic Apera. loOXlWlL* -1500 Ibs 
back scattered by three orders 01 map 
nitude). 

b. Vertical polarization capable 01 detKt- 
ing and mapping o i l  slick less than I 
micron. 

L Atmospheric cloud limitations slight 

lure (3.3 GHJ 

10 tu. IL 38 mi@ 12 K TKhnOlOgy eiists 101 
equipment development 
of lorward scannini and 
synthetic aperalurn 
radar. 

11 cu. It 150 mi@ 36 K Real lime dirplai pouiblo 
lor lorward scanning 
radar via lacsimils and/ 
or CRT; synthetic 
aperalure radar re- 
quires optical passim 

fractions of the source oil were found in organisms that still 
survived on the perimeter of the area. Hydrocarbons in- 
gested by marine organisms may pass through the wall of 
thc gut and bccome part of the lipid pool (Blumer et al. 
1970).3n When dissolved within [he fatty tissues of the 
organisms, even relatively unstable hydrocarbons are pre- 
served. They are protected from bacterial attack and can 
be transferred from food organism to predators and possibly 
to man. 

The catastrophic ecological effects of the oil spills of the 
Tampico Maru, and the Florida appear to be more severe 
than those reported from other oil spills such as the Torrey 
Canyon and the Santa Barbara blowout. The Tampico 
Maru and the Florida accidents both released refined oils 

(in one case diesel oil and in the other, No. 2 fuel oil) and 
both occurred closer to shore than either the Torrey Canyon 
or the Santa Barbara accidents which released crude oil. 
The differences in the character of the oil and the proximity 
to shore may account for the more dramatic effects of the 
first two accidents, but it is clear that any release of oil in 
the marine environment carries a threat of destruction 
and constitiires a c!a.nger !e v:cr!d fisheries. . 

Persistence of Oil in the Ocean As mentioned 
above, oil can be ingested by marine organisms and in- 
corporated in their lipid pool. Hydrocarbons in the sea are 
also degraded by marine microorganisms. Very little is 
known as yet about the rate of this degradation, but it is 
known that no single microbial species will degrade any 
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whole crude oil. Bacteria are highly specific, and  several 
species will proliably lie necessary to decompose the numer- 
ous types of hydrocar1)ons in a crude oil. In  the process of 
decomposition, intermediate products \vi11 IJC formed a n d  
different species of Inctcria and other microorganisms may 
Ix required to attack these decomposition products (ZoRcll 
1969). 35s  

T h e  oxygen requirement of niicroliial oil decomposition 
is scverc. T h e  complete oxidation of one gallon of crude oil 
requires all the dissolved oxygen in 320,000 gallons of air- 
saturated sea water (ZoRcll 1969).34s I t  is clear that  osi- 
dation might Iic slow in an area where previous pollution 
has depleted the osygen content. Even when decomposition 
of oil proceecls rapidly, the depletion of the oxygen content 
of the water by the niicroorganisms degrading the oil may 
have secondary clclcterious ecological efects. Unfortuna tcly, 
the most readily attacked fraction of crude oil is the least 
toxic, i.e.! the normal parallins. T h e  niorc tosic aromatic 
hydrocarl)ons, especially, the carcinogenic polynuclear aro- 
matics, arc not rapidly degraded. 

That  our  coastal \ vn~ers  are not cle\~oid of marine life, 
after decades of contamination with oil, indicates that the 
sea is capalde of rccovcry from this pollution. However, 
increasing stress is 1)cing placed on the estuarine and coastal 
eni.ironmc.nt I)ec:~ii.sc of more frequent oil pollution inci- 
dents near shore; and  once the recovery capacity of a n  
environment is esccctlcd, clctcrioration may IIC rapid and 
catastrophic. I t  is not kno\vn hoiv much oil pollution the 
ocean can accept and  recover from, or \\.tiether chc prcscnt 
rate of addition approaches the limit of the natural system. 

I t  appears that the oceans have recovered from the oil 
spilled during the sis years of the second \Vorld \\jar> 
tliough soinc uncxp!aincd recent oil slicks have Iiecn at-  
tributed to the slo\v corrosion of ships sunk during that  
rc?nflic!. It has  Ixxn estimated (SCEP)345 that during the 
war, the United States lost 98 vcsscls \<itti a total oil ca- 
pacity of about 1 inillion tons, and that  another 3 million 
tons of oil were lost through the sinking of ships of other 
comliatants during the same period. These losscs were 
large in the contcxt of the 191O’s, but  the total for that  
period was only about  twice the annual  direct influx to 
the ocean a t  the present time. Although no cstensive dele- 
terious effects of tliese sinkings and oil relcases on the 
fisheries catch of the world have Ixen found, it must be 
emphasized again that when a pollutant is increasing yearly 
in magnitude past history is not a relial)le source of pre- 
diction of future effects. 

The Toxicity of Oil Thcrc  is a dearth of depenclable 
olxervations on  the toxicity of oil to marine organisms. I t  
is difliciilt to evaluate the toxicity of this complex mixture 
of compounds which is not miscilile with sea water. A variety 
of techniques have been used which are  not intercom- 
parable. In  some experiments, oil is floated on the water in 
the test container, and  the concentration given is derived 
from the total quantity of oil and the total quantity of 

water. This  is clearly not the concentration to \vIiicIi the 
organism has lieen exposed. I n  other experiments, extracts 
of oil with hot water or with various solvents have tieen 
added to the test j a r  \vithout identification of the oil fraction 
Iieing tested. I n  still other cases, care has Ixen taken to 
produce a fine emulsion of oil in sea water more representa- 
tive of the actual concentration to which the test organism 
is exposed. Considering the diKerences in the meaning of 
“concentration” in thcse tests and  the variation in sensi- 
tivity of t he  test organisms, it is not surprising that  the 
ranges of toxicity that  can lie found in the literature vary 
Iiy several orders of magnitude. 

Studies of the Iiiological cffccts of oil have Iieen reviewed 
by Clark (1971).3’5 Mironov (1971)34? carried out toxicity 
studies IJY coinparatde techniques using a variety of marine 
organisins. I n  testing eleven species of phytoplankton, he 
found that cell division \\’as delayed or inhilited Iiy concen- 
trations of crude oil (unspcificcl type) ranging from 0.01 
to 1000 ppm. He also showed that soinc copepods \vcrc 
sc.nsiti\:e to a 1 ppm suspeiision of frcsli or \venthered crude 
oil and of diesel oil. Frccgardc et  al. (1970)3’s found that  
the larvae of Ballanus ballat~oidcs and adult Colnttris copepods 
maintained in a suspension of criiclc oil ingest, without 
apparent harm, droplets of oil that later appear in the 
feces. Mironov (19G7)34’ found 100 per cent mortality of 
dcvcloping flounder spawn a t  concentrations of three types 
of oil ranging from 1 to 100 ppm and a n  increased abnor- 
mality of dcvclopmcnt at longer periods of time in concen- 
trations as lo\c, as 0.01 ppiii. In  contrast other exiierimcnter-s 
have found that concentrations of several per cent are 
necessary to kill adult fish in a period of a few clays (Chip- 
man and Galtsoff 1939,””’ Grif i th  1970rL9). 

T h e  evidence is clearer that a comlinat ion of oil and 
detergents is more tosic than oil alone. This \vas first 
definitely estal)lished in studies of the Torrcy Canyon spill 
(Smith 1 968j,sii’ and the rosiciiy of tiie i:ario:is dctergcnts 
used in this operation is discussed by Corner e t  al. ( 1968).3‘G 
T h e  four detergents tested were all more tosic than Kuwait  
crude oil, and  all sho\vcd signs of toxicity Iiet\vecn 2 and 
I O  ppm. T h e  solvents used \vith these detergents \vere also 
highly toxic but tended to lose their toxicity over time 
through evaporation. A bioassay test carried out by the 
hlichigan Department of Natural Resources ( 1  969)33s re- 
vealed that  the least toxic detergent mixed with oil could 
be a hundred times as concentrated (1800 ppm) as the 
most tosic (14 ppm) and  cause the same toxic effect. 
La Roche e t  al. (1970)337 defined hioassay procedures for 
oil and oil dispersant tosicity evaluation using fish, Fundulus 
/ie/eroclitus, and the sandworm, Arereis virens (Table I V - 6 ) .  

T h e  mortality of seabirds as a result of oil pollution is 
direct and  immediate, and  in a major oil spill, is measured 
in  the thousands. T h e  diving birds which spend most of 
their life a t  sea are most prone to  death from oil pollution, 
Iwt any  bird that  feeds from the sea or settles on it is V U I -  
nerable. I n  oil-matted plumage air is replaced by water 
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TABLE IY-bDctcrminothns (Sumfirmized) of Acute 
Toxicities of 10 Chemical Dispersants Alone and in 
Combination with Crude Oil to Sandworm (Nereis 
virens) and Mummichog (Fundulus heteroclitus) 

in Luboratory Bioassay Tests 

Subibm 96 hour L C 3  (ml/O 
N ~ o i i  Fundulus 

Crudo Oil A , . .  ............................................................ 16.5 
Crudo Oil B . . .  .............................. 6.1 8.2 
Oil and dirpnsanlv .  ........................ .055-.781 ,187-1 
Oimrsanb.. ............................... .007-7.10 . we-2 

Rln;os 01 nlun for IO dlspfsanh mirod 1 part dirpursanl lo 10 parts ol oil b~ voluma 
LaRocho e l  a1 ISTO"'. 

causing loss of both insulation and Iiuoyancy, and oil in- 
grsted during preening can have toxic effects. 

Hartung and Hunt (1966)332 fed oils directly to liirds by 
stomach tube and later analyzed the pathological and 
physiological effects through autopsies. The lethal dose for 
t h r r p  typrs d ni! r ~ n &  f r ~ n :  ! z! :B 4 d p2i- kiluSi.arI1 
(ml/kg) when the birds were kept outdoors under environ- 
mental stress. The experimenters concluded that a duck 
could typically acquire a coating of 7 grams of oil and 
would be expected to preen approximately 50 per cent of 
the polluting oil from its feathers within the first few days. 
Enough of this could easily be ingested to meet the lethal 
dosage of I to 4 ml/kg. Thus, birds that do not die promptly 
from exposure to cold or by drowning as a result of oil 
pollution may succumb later from the effects of ingestion. 

Corrective Measures 

The only effective measure for control of oil pollution in 
the marine environment is prevention of all spills and 
releases. The time-lag involved in corrective methods means 
that some damage will inevitably occur before the cor- 
rective measures take effect. Furthermore, the solulde parts 
of the oil already in the water will not be removed by any 
of the present methods of post-spill cleanup. 

Control measures have been introduced that appreciably 
reduce excessive oil pollution from normal tanker operations 
(see Table I V 4 ) .  The  load on top (LOT) process concen- 
trates waste oil that is ultimately discharged with the new 
cargo ( IMCO 1 9 6 5 ~ 1 , ~ ~ ~  1965b336). This procedure recovers 
somewhat more than 98 per cent of oil that would otherwise 
be released to the sea. I t  has been estimated (Revelle et al. 
1972)345 that 80 per cent of the world fleet uses these control 
measures today, and if they continue to do  so faithfully 
these ships will contribute only 3.0X104 tons of the total 
t o n n a y  nf 03 !OS_.. Ir? rn!~!rz~t, the 2 2  per ccct of :sei 
not using these control measures contributes 5X 106 tons. 
If these control measures were not in use by a major fraction 
of the tanker fleet, the contamination of the sea from this 
source would be about five times greater than it is today. 

Among the earliest methods for the cleanup of spilled 

oil was to pick up or Ilury the material that came ashore 
while disregarding the oil that remained at  sea. It was found 
that the use of straw to absorb the oil made this cleanup 
procedure easier, and in the cleanup of the Arrow oil spill 
(Ministry of Transport, Canada 1970),340 peat moss was 
found to be an effective absorbent for Bunker C oil. Recent 
studies promise mechanical means for handling and cleaning 
sand contaminated with oil IJY use of earth moving equip- 
ment, fluid-bed, and froth flotation techniques (Guintz and 
hleloy 1971,330 Mikolaj and Curran 1971,339 Sartor and 
Foget 1971).346 

The use of detergents to treat oil slicks is essentially 
cosmetic. It removes the obvious evidence of oil and for 
that reason appeals to the polluter. However, after treat- 
ment with detergent, the oil is dispersed in the form of fine 
droplets and Ixcomes even more available to the biota of 
the sea than i t  would lie if it were left in the form of a 
surface film. Because of the finer dcgrce of dispersion, the 
solul~le toxic fractions dissolve more rapidly and reach 
higher concentrations in sea water than would rcsult from 
iiaiurai dispcrsai. The ciropicts themselves may lie ingested 
by filter-feeding organisms and thus Iiecome an integral 
part of the marine food chain. Some of the oil may pass 
through the gut in the feces of these organisms, but Blumer 
et al. (1970)3" have shown that i t  can pass through the gut 
wall and tie incorporated in the organism's lipid pool. It 
can thus be transferred from organism to organism and, 
potentially, into the food that man takes from the ocean 
for his use. 

Sinking of oil has lieen achieved by scattering talc or 
chalk on the oil causing i t  to agglutinate into globules of 
grcater dencity ~ h a n  sei  tvster. S::ct: stii;km oil tsniij: iu kiii 
bottom fauna Ixforc even the motile Iiottom dwellers have 
time to move away. The sessile forms of commercial im- 
portance, such as clams, oysters and scallops, cannot escape, 
and other motile organisms such as lolisters (I-Zarnarits 
arnericanus) may actually lie attracted in the direction of 
the spill where exposure will contaminate or kill  them. 
Little is known about the rate of degradation of.oil in 
bottom sediments, but it is known that some fractions will 
persist for over two years (Blumer 1969,319 Rlumer and 
Sass 197232L). Chipman and Galtsoff (1949)"?" showed that 
the toxicity of oil is not diminished Iiy adsorption on 
carbonized sand which can tie used as a sinking agent. 

Efforts were made to burn the oil in both the Torrey 
Canyon and the Wafra, which was wrecked off the coast of 
South Africa in 1971. When oxidation is complete, oil is 
converted to carbon dioxide and water and removed as a 
pollutant. Burning oil within a tanker, however, is dificult; 
;lid ii iias iiui been successfui even when oxidants are added. 
Volatile fractions may burn off quickly, but most of the oil 
resists combustion. Incomplete combustion is therefore not 
only more common, but the smoke and volatile oils them- 
selves become atmospheric pollutants many of which ulti- 
mately return to the sea through precipitation and accumu- 
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lation on the water surface. Oil can be burned on the surface 
of the sea by using wicks or small glass beads to which the 
oil clings thus removing itself from the quenching effects of 
the water. The use of “seabeads” was successful in burning 
Bunker C oil on the beach and moderately successful in 
burning a slick in two to three foot seas in the cleanup 
following the wreck of the Arrow (Ministry of Transport, 
Canada I 970).340 However, during liurning, the elevated 
temperature of the oil increases the solubility in water of 
the most toxic components, and this can cause greater 
biological damage than if the oil is left unburned. 

Mechanical containment and removal of oil appear to 
be  ideal from the point of view of avoiding long-term bio- 
1 ogical damage, but however promptly such measures are 
taken, some of the soluble components of the oil will enter 
the water and it  will not tie possible to remove them. A 
variety of mechanisms for containing oil have been pro- 
posed, such as booms with skirts extending into the water. 
Various surface skimmers to collect oil and pump it into a 
standby tanker havc been conceived. Unfortunately, most 
wrecks occur during less than ideal weather conditions 
which makes delivery and deployment of mechanical de- 
vices difficult. Floating booms are ineffective in a rough sea, 
because even if they remain properly deployed, oil can be 
carried over the top of them by wind and splashing waves 
or under them by currents. In protected watcrs, however, 
recovery can be quite effective, and among the methods of 
oil removal used today, Iiooms are one of thc most effective 
if conditions for their use are favorable. 

Microbiological degradation is thc ultimate fate of all oil 
left in the sea, but as was mentioned previously, the oxygen 
requirement for this is severe. There is also the problem of 
providing other nutrients, such as nitrogen and phosphorus, 
for the degrading bacteria. Nevertheless, this process is a 
“nati iral” one, and research into increasing the rate of 
bacteriological degradation without undesirable side effects 
is t o  I x  encouraged. 

Although an ultimate solution to the cleanup of oil spills 
is desperately needed, prevention of spills remains the most 
effective measure. When wrecks occur, every effort should 
be made to offload the oil before it enters the marine en- 
vironment. Oil spills that occur in harbors during transfer 
of oil to a refinery or of refined oil to a tanker should be 
more easily controlled. Portable booms could confine any 
oil released and make possible recovery of most harbor 
spillage. Available technology is adequate to prevent most 
accidental spills from offshore well drilling or operations. 
I t  is necessary to require that such technology be faithfully 
employed. 

Recommendations 

charged into estuarine or coastal waters that: 

discoloration of the surface, or by odor; 

No oil or petroleum products should be dis- 

can be detected as a visible film, sheen, or 

can cause tainting of fish or edible inverte- 
brates or damage to the biota; 
can form an  oil deposit on the shores or 
bottom of the receiving body of water. 

In this context, discharge of oil is meant to include 
accidental releases that could have been prevented 
by technically feasible controls. 

Accidental releases of oil to the marine environ- 
ment should be reclaimed or treated as expe- 
ditiously as possible using procedures a t  least 
equivalent to those provided in The National Con- 
tingency Plan of 1970. The following recommen- 
dations should be followed to minimize damage 
to the marine biota. 

0 Oil on the sea surface should be contained 
by booms and recovered by the use of surface 
skimmers or similar techniques. 

0 In the event of a tanker wreck, the oil re- 
maining in the hulk should be off-loaded. 

0 Oil on beaches should be mechanically re- 
moved using straw, peat moss, other highly 
absorbent material, or other appropriate 
techniques that will produce minimal dele- 
terious effects on the biota. 

0 Failing recovery of oil from the sea surface 
or from a wrecked tanker, efforts should be 
made to burn it in place, provided the con- 
tamination is a t  a safe distance from shore 
facilities. If successful, this will minimize 
damage to the marine biota. 

0 Dispersants should be used only when neces- 
sary and should be of minimal potential 
toxicity to avoid even greater hazard to the 
errvirnnmen t. 

0 Sinking of oil is not recommended. 

All vessels using U.S. port facilities for the pur- 
pose of transporting oil or petroleum products 
should be required to demonstrate that  effective 
procedures or devices, a t  least equivalent to the 
“Load on Top” procedure, are used to minimize 
oil releases associated with tank cleaning. 

In  order to protect marine wildlife: 

0 recommendations listed above should be fol- 
lowed; 

0 a monitoring program should follow long- 
term trends in petroleum tar accumulation 
in selected areas of the oceans; 

0 no oil exploration or drilling should be per- 
mitted within existing or proposed sanctu- 
aries, parks, reserves or other protected areas, 
or in their contiguous waters, in  a manner 
which may deleteriously affect their biota; 
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0 oil esploratior. or drilling should nor be con- 
ducted in a manner which may deleteriously 
affect species subject to interstate or inter- 
national agreements. 

TOXIC OR6ANlCS 

The toxic organics constitute a considerable variety of 
chemical compounds, almost all of which are synthetic. 
The total production of synthetic organic chemicals in the 
U S .  in 1968 was 120,000 million pounds, a 15 per cent 
increase over 1967; 135,000 million pounds were produced 
in 1969, a 12 per cent increase over 1968 (United States 
Tariff Commission 1970).377 This figure, in the order of 
5 X  l O I 3  grams, may be compared with the total productivity 
of the sea, which is in the order of 2 X  10l6 grams ofcarbon 
incorporated into phytoplankton per year (Ryther 1969).373 
When considered in a global and future context, the pro- 
duction of synthetic chemicals by man cannot be considered 
an  insignificant fraction of nature’s productivity. 

The majority ef the s ; c ! h ~ ! i ~  organic Chi-ii i ids,  in- 
cluding those considered toxic, are readily degradable to 
elementary materials which reenter the chemical cycles in 
the biosphere. These pose no long-term hazard if applied 
or released into the environment in quantities sufficiently 
small to meet the recommendations for mixing zones (see 
p. 231). 

The chemicals of most concern are the more stable com- 
pounds that enter the environment, whether they are intro- 
duced incidentally as waste materials or deliberately through 
their use. The toxicity, chemical stability, and resistance to 
biological degradation of such chemicals are factors that 
must be considered in assessing their potential effects on 
ecosystems. Moreover, because of the partitioning of non- 
polar compounds among the components of marine eco- 
systems, relatively high concentrations of these, including 
halogenated hydrocarbons, are frequently found in orga- 
nisms. 

Only recently it was discovered that polychlorinated hi- 
phenyls (PCB), a class of chlorinated hydrocarbons used in 
a variety of industrial applications, were widespread eon- 
taminants in marine ecosystems (Duke et al.).35rn Concen- 
trations up  to or higher than 1000 ppm in the body fat of 
estuarine birds have been recorded in both Europe and 
North America (Risebrough et al. 1968,3‘L Jensen et al. 
1969360). Moreover, both DDT and PCB have been found 
in organisms from depths of 3200 meters in the open North 
Atlantic Ocean (Harvey et al. 1972).359 

The  discovery of a man-made contaminant such as PCB, 
tinknown in the e~virc-nrr.eot 2 f e l ~  ycais zgu, in such 
unexpectedly high concentrations in marine organisms 
raises several questions. Are the concentrations of these 
compounds still increasing in the marine environment and 
at  what rate, and what are the long-term effects upon the 
marine communities? Is it possible that other pollutants, 

undetected by the methodologies that measure the chlori- 
nated hydrocarbons, are present in comparable amounts? 

Criteria employed in the past to protect freshwater eco- 
systems were based on data now seen to be inadequate and 
on an  approach that looked at  pollutant concentrations in 
waste water effluents rather than in the receiving system. 
Evidently it is necessary to attempt to relate the amounts of 
input into the ecosystem to the levels in the various com- 
ponents of the ecosystem, including indicator organisms. 
The concentrations of a persistent pollutant in an indicator 
organism are considered the best way of following accumu- 
lation trends in an aqueous ecosystem that serves as a sink 
for the pollutant, once the capacity of the ecosystem to 
absorb the pollutant has been determined. If the concen- 
trations in the indicator organisms exceed those considered 
safe for the ecosystem, input should then be reduced, re- 
stricted, or eliminated until environmental levels are ac- 
ceptable on the basis of established criteria. Inputs of per- 
sistent pollutants into the marine environment, however, 
are in many cases indirect and not immediately controllable, 
e.g. river runoffs, atmospheric fallout, and dumping by 
foreign and domestic ships. The sources of the chemicals in 
atmospheric fallout may be located anywhere in the world. 

Different recommendations must therefore be developed 
to protect the marine environment from increasing amounts 
and varieties of organic pollutants that might be anticipated 
over the next century. The same recommendations may be 
applied to estuaries, but these must also be protected from 
a variety of chemicals that are less persistent and pose no 
long-term hazard, but that may, because of toxic effects 
upon organisms, cause unacceptable amounts of damage. 
These inc!ude xany of the p e d d e s ,  components of sewage, 
biological wastes from slaughter houses, and other organic 
wastes from industry. 

Acute toxicity values and subacute effects of pesticides 
on marine life are listed in Appendix 111-Table 6, and in 
Table 117-7, p. 265. Table IV-7 is a summary of the 
“most sensitive” organisms taken from Appendix III-Table 
6 and includes a list of chemicals that are considered to 
have potential environmental importance in estuarine or 
marine ecosystems. The list includes many of the pesticides 
that are readily degradable in the environment but because 
of their high toxicity are potentially dangerous to estuarine 
ecosystems. The list, which should be revised as new data 
become available, proposes a minimum number of such 
chemicals. Appendix 111-Table 6 includes the following in- 
formation relative to the potential importance of each ma- 
terial as coastal and marine contaminants. (a) Production 
figures, which are taken from the 1969 Tariff Commission 
reports, are listed in the second column. The  production 
figures provide a useful clue to the compounds that are of 
potential importance as marine pollutants. The  order of the 
chemicals generally follows that of the Tariff Commission 
reports and is not intended to be a ranking in order of im- 
portance. (b) The  third column of the table indicates 
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TABLE IV-7-Presence and Toxicity of Organic Chemicals in the Marine System 

Conr (ppb attire Method 01 US. production Presence in sea Trophic Most sensitive 
Chemical pounds. gaLfyr water or marine 8ccumulation orpnisms tested Formulation ingredient in  water) arnrrment TMl prmdure  RdLlenCC 

(1) (2) mpnisms (4) (5) (6) 0 ( 8 )  (9) (10) 
(3) 1. 

... ... PESTICIDES, Total .......... . l . lX108 Ib 
Fungicides 

Fungicides. total.. ......... . l .4XlO@ ... 
Pentachlorophenol.. ....... .4.6X107 Expected 

2,4,5-TrichlorophenoI ....... Not available Unknown 
(1969) 2.8X107 

... ... 
Unknown lnsullicient data lor 

marine organisms 
Unknown Crassostrea virginica .............. 

American oyster 

Unlikely Dunaliella tertiolecta .............. 

6w 

tw 

2.5xto1 

1x10 '  

5x10 '  

500 

500 

100 

100 

100 

20 

m 

20 

0.02 

0.02 

150 

150 

290 

10 

I O  

10 

TLM 48 h i  static lab D i r i sand  Hidu 
bioassay 1968" 

,210.0. 0. erpl/D.D. I O  day grmvth test Ukeles 1962376 
control 

I 

I Unlikely 

Expected 

... 
Unlikely 

Unlikely 

Unlikely 

Unlikely 

(1968) 
Nabam (Ethylene bisldithio. 1 . 9 ~ 1 0 6  

carbamic acid1 , disodium 
salt) 

Hexachlorobenzene., ...... ..Not available Detected i n  birds Insufficient data lor 
(Vos et al.. marine organisms 
1968)378 

Koeman and 
Genderen, 1 9 J O F  

... ... 

I 
Herbicides.. .................. 

Herbicides. total. .......... .3.9x108 
Amitrole (3-amino.t,2,4. No1 available 

Chloramben (3.amino.2,5- Not available 
triazole) 

dichlorobenzoic acid, 
sodium salt) 

trichloropicotinic acid) 
(Tordon") 

Picloram (4.amino4.5.6. Not available 

I Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

lnsulficient data 

Chloraoaurn sp Methyl ester 
Phaeodactylurn tricornu. 
turn 

I m h r y d s  gatbana .............. 

c; d K r W S  i n  Growth measured as Walsh 19J2"O 
l rowth ABS. (525 mu) 

iller 10 days 
W ;  d K r u W  in 01 .................. Walsh 191237s 

evolution. 

growth (525 mu) alter 
sa;;, decrease i n  Measured as ABS. Walsh 1912379 

10 dys 
Wl decrease i n  Measured as ABS. Walsh 1912'78 

irowth (525 mu) alter 
I O  days 

We decrease in  Measured as ABS. Walsh 191237s 
growth (525 mu) alter 

I O  days 
5& decrease i n  Measured as ABS. Walsh 1912878 

10 days 
growth (525 mu) i l ler  

Wc decrease i n  0, .................. Walsh 19J2"S 

so decrease i n  D? .................. Walsh 1912'79 
evolution' 

evolution' 

expt/opt DEN 
control 

exptlopl DEN 
control 

sxpt/opt DEN 
control 

sxptfopt DEN 
control 

exptlopl DEN 
control 

.DO OPT. DEN. 10 day p W l h  tesl Ukcles 1962"' 

.DO OPT. DEN. I O  day growth test Wa Ish 191237' 

.OD OPT. DEN. I O  day growth test Ukelcs 1 9 6 P  

.52 OPT. DEN. 10 day lrowth test Ukcles 1962376 

.DO OPT. DEN. I O  day growth test Ukeles 1962'7' 

I Simazine [2.chloro4.6-bis. Not available 
(elhylamino).s.triazine] 

lsochryds galbana Technical acid 

Phaeodactylum tricornu. Technical aid 
turn 

Chlorococcum sp., Technical acid 
Chlamydomonas sp., 
Monochr).sis lutheri 
lsochrysis gatbana Technical acid 

Phaeodactylum tricornu. Technical acid 

Protococcus so. .............. 
turn 

Atrazine [2.chloro.4.elhyl. Not available Unlikely 
amino.6.isopropyl.amino- 
s-triazine] 

I Monuron [3-(p.chloro- Not available Unlikely 
phenyl)-1, 1-dimethylurea] 

I 
Phaeodactylum tri. 

cornutum 

Protococcus 1 Diuron [3.(3.4,.dichloro. No1 available Unlikely 
phenyl)-l, l.dimethylurea] 

Monahrysis lutheri 

Maleic hydrazide [t.?.di- 2.8X106 Ib. Unlikely 

Fenuron [I. I-dimethyl.3. Not available Unlikely 
hydropyridazineJ,6.dione] 

phenyl ureal 

lnsullicient data 

Chlorocoaum sp. Technical acid 

lrothrysis p lbana TKhnkJ l  acid 

Moncchrysis luthcri .............. 

so% decrease i n  10 day Vowth test Walsh 1912178 

50% deucase in  10 d8y growth test Walsh 19JP7' 

.6J OPT. DEN. 10 day growth test Ukelss 1962"' 

growth 

growth 

expl/opt DEN 
control 

growth (525 mu) alter 
so% deuease i n  Mwsured i s  ABS. Wdsh 131237' 

I O  days 
Wo dccreara i n  02 .................. Wi lsh t9J2'7D 

5% decrease i n  02 .................. Walsh 1 9 J P 8  

evolution. 

evolution' 

1 
Amelryne [2-ethylamino4. Not available Unlikely 

isopropyla mino.6.methyl- 
meraptos-triazine] I, Chlmocmum sp. TKhnical acid 

ISKhrydS plblnl TKhnical e i d  

Monochrysis lutheri 
Phaeodactylum tri. Technical acid 

wrnutum 

. 
/D? evolution measured by Gihon dinerential respirometn on 4 mlol cuilure i n  log phase. Lcnflh 01 test 90 minuter. 

I 
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Huhinda. cant 
~ndolhal paabicyllo. Not anilabb 

(22.1) hoptane.2.3-di. 
carboqlic and, disodium 
nnl 

phonoqacDlic acid) 
MCPA [4<hlMO.2.m6UlYl- NO1 ani labb 

2 . 4 4  6 dorimlives. . . . . . . . .l.OX108 lb 

Sil*or [2(2.4.5.birhlMo- 1.6XI08 
phonoq)propionic acid] 

Diquat [6.7.Dihydrodipyrido Hot anilablo 
(I,Z.a:Z', 1'c)pyrazidi- 
inium dibomido 

UnGtoly 

Unlikotj 

Unknown 

Unknown 

Unlikely 

Unlikely 

Paraquat [I.l'.dimolhyl.4.4'. Not amilabln Unlikely 
dipyridiGum dichloridol 

lrillunlin[~.~,~-lrillum~. Not amilabb Unlikely 
2.6.dirtino.N. N.diprom1. 
ptoluidinol 

Cacodylic acid IHydrorydi. No1 anilabb 
melhil ardno atidel 

ImctticidOS 
Insecticidns. total (includes 5.7X10~ Ib 

HepUchlm [HsptachCo- Not availahlo 
rodonticidas) 

btrahydro.endo.mothano. 
indono] (includes hopla- 
ChW epoddo) 

octahydIoQndo-ondodidi. 
meVunoraphlhalenol 

Endrin [Horachlno.epoq. Not amiebb 

Unlikely 

UR!ikO!l 

Unlikaly 

Unknmm 

Unknown 

Unlikely 

Unlike$ 

Unlikely 

UnGkoly 

UnGkoly 

Bald hglos 
(Kranh at a1 
19700)ur 

Mm6;a:ta c;;atenaris .. . . , . . . ._, , . . 
Hard clam 

Crauortrw rirginie 
Amrrican qster 

Craumbea rirunica Esta 
American oyster 

Dunaliolla tertiolecta 
Isachryss galbra lerhnical acid 

Phaeodaclylum bi- Technib1 add 

. . . . . . . . . , . , . . 

cornutum 

Crauostrea rirginie 
American q s t e r  
Dunaliella tab'oteela 

. . . . . . . . . . . . . . 

Chlnrocacum sp Oibromide 

ntl~~seii?!atj~!rh "i?:c~ji: 

Isahvat galbna Dibromido 

Plueodaclylum bi. Dibromide 

DUIUGOL terlicleela Dichloride 

Isachwsis galbana Dichloridn 

mrnutum 

ChlorMPum ((L Technical add 

Phaeodactylum bi- Technical add 
cornutum 

lnruflident data 

lhalassom bifardatum 10% 
Bluehead 

i . n x t @  

1.56XIC 

740 

SXlC 

S X i C  

710 

5x10~ 

I,,.". .AI". 

1 .5X lC  

I! '0' 

'W 

5 X l P  

2.5XIP 

2.5XlO' 

2.5XlP 

0.8 

0.3 

0.05 

0.9 

0.74 (0.51-1.0Q) 

10 (10-3D) 

T l I  12 day NSr lab Oaris and Hidu 
b insay  1969" 

11u ID hr static lab Oaris and Hid0 

14 day static lah Oaris and Hido T L I  
bin- 1969" 

hintsay 1969'' 

5% decrease i n  Or .__. . , , , , . . ._. .. . . Walsh 197P7* 
evoluticc' 

Wo decrease in Meamred as ABS. Walsh 19787v 
growlh (52s mu) alW 

10 b y 5  

I 4  day static lab Darisand Hidu 

.. . .. ...____._.. . . Wahh l97P'e 

_.._....._.._._... r a i s n  iyir".  

Measurad as ABS. Walsh 1972"' 

binssay 1 9 6 9 ~  

... . . 

(525 mu) alter 
IO days 

, . _ _ _ _ .  . . .... . . ... Walsh 197217' 

_. , .. .____.._.. .. . Walsh 1972"e 

Measured as ABS. 
(525 mu) after 
10 days 

Measured as ABS. 
(525 mu) alter 
IO dais 

Measured as ABS 
(525 mu) after 
i0 days 

Measured as ABS. 
(525 mu) alter 
10 days 

96 hr static lab 
b i n m y  

96 hr rtatic lab 
binssay 

96 hr Ntic lab 
binw 

96 hr static u 
b i n w  

96 hr Ntic lab 
D'oaw 

ShrNtiCY 
bioauag 
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TABLE N-7-Presence and Toxicity of Organic Chemicals in the Marine System-Continued 

U.S. produttion Rmnm in sea Trophic Mort sensitive Conc. (ppb active Method 01 
Cheda l  pounds. pl/yr nter  or marine accumulation orpnisms tested Formulation intredient in ntu) assessment Test prmdurc Rderence 

(1) (2) ofganisms (4) (5)  (6) 0 ( 8 )  (9) (10) 
(3) 

Inrcttiddcs. con1 

lerpsnes] 

camphene] 

SlrobneR IpotychlOnNled Not anilable 

Toxaphene [Chlorinated Not anilable 

001 compounds. .. . . .. . . . 1.2XW Ih 

p.p'.DDT [I, 1,I.M. ... 
thIoro.2,2.bis(p-chloro. 
phenyl) ethane 

p.p'-DDD(p.p'.TDE) ... 
[I. 1 ~ D ~ ~ h t o ~ Z . Z ~ b i ~  
(p.chlnophenyl)ethane 

p.p'.DDE [I.l.Oichloro. , .. , , . . . . . . . . . 
2,2.bis(pshlorophcnyl) 
athylene 

Mirex (Dodeachloro-ala- Not anilable 
hydro.l,3,4-metheno.2H. 
c).clobuta[cdlpsntalenel 

[HauchloroLyclohexaneJ 

~hloro~yclohexanel 

Benzene hexachloride Not available 

Undane [Iamma.hexa. Not anilable 

EndmuHan [Haxuhloro. Not anibble 
bsuhydromethano. 
baNo.diouthiepin-3- 
oxide] (ThiodanR) 

Methoqchlor [l,l,l.Tri. Not anilable 
rhloro.2.2. his@ 
methoq.phenyl)ethane] 

Carbaryl (Serin) 11- Not available 
naphthyl.N.mtthylurba. 
matel 

Coumaphos (iwizij  i0.C. i i c l i i i k b k  
DieVIyI-O-(3 .chloral. 
methyl.2.oxo.2H-l-benio 
pynn.7jl)~phosphoro. 
thioate] 

(2-itclpropyl.4.methyl.6. 
nrimidinyl)phosphoro- 
thiwte] 

Diazinon 10.0-Diethyl-0. Nolanibble 

Parathion lO,O~Diethyl4- Not anilable 
p-nitrophenyl.phosphoro 
udoalel 

I '  

I .  

Dw$han[0,0 Diatiiyl4. Nolanilable 
~.5,6.bichloro-2-~ridyl- 
phmphMOttdWte) 

fenthion IO. 0-OimelhyI.0. Not anilable 
(4.methylUo-m-Lolyl) 
phmphocolhiwlel (Baylax) 

OimethyI~O~pnlbophenyl. 
~hmphorothiwtel 

( 4 ~ r o . l .  2,I.bsnZOtri- 

dittdoale] 
DiouVlion (Delnav) 12, 3-D. Not anilable 

Dioxane-S. S-bis(O.0- 
diahylphmphModilhioate[ 

Methyl pnthinn[0.0.. 5.1xIO'Ib 

Guthion IO. 0-0imethyl.S. Not anilable 

uino4.methyl)phmphoro. 

Expected Expected Insuf!ident data for 

Bay mussel Expected 6asteros1eus aculeatus lWo 
marine species 

(Modin. 1969);" lhresspine stickle.back 
Oysters (Bu;g at 
MI. 1961);bO 

Jensen el  a1 
1969W Rise. 
brough el  a1 
1968'71 

(Relerences cited above) Rnaeus duorarum Tahn ia l  
Pink shrimp 71% 

Palaemon macrodactylus 99% 

(References d t td  above) Falco peregrinus . . . 
Rregrine Falcon 

Expected Espsled Rnaeus duonrum Technical 
Pink shrimp 

Southern hemisphere tu birds Penaeus setilerus 8.1% 

Oysters (Bugg et Expected Cnngon seplemspinou 1% 
al. 1967,'no Sand shrimp Sand shrimp 
Carper 1967)'62 Pagurus longiarpus lWo 

Hermit crab 

(Tatton and Ruzicka 1961p White shrimp 

Bay mussel (Kw. Sandwich Tern. Palaemon macrodactylus 9% 
man and Common Eidu Korean shrimp 
Genderen (Koeman and 
1 9 7 0 p  Genderen 

1910P' 
Oysters (Bugg et Unlikely 

al. 1 9 6 7 p O  

Unikely 

Il.li,.k "'..I-., 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

?l!!!ihl!! 

Unlikely 

Unlikely 

Unlikely 

.Unlikely 

Unlikely 

Unlikely 

Unlikely 

Palaemon macrodactylus 89.Wo 

Palaemon macrodactylus lWo 

Cancer mrpsler Wo 
Dunleness m b  

Cnssostrea r i r t in ia 
Amerian oyster 

. . . . . . . . 

InsutWnt data 

Cyprinndon nriegatus 
Sheepshead minnow 

. . . . . . . . 

Palaemon maaodactylux . . . . , . , , 
Korean shrimp 

Palaemon macrodactylus . . , , . . . . 

Cnn;on septtmrpinou 10% 
Sand shrimp 

Gaslerosteus aculeatus 93% 
Vlrmspine stickle-back 

Wan;on nptemspinrm 1% 

Fundulus hetcrditus 100% 

Menidia menidu lW% 

Sand shrimp 

Mummichog 

Atlantic silverside 

.... 

...... 

...... 

...... 

...... 

1.8 TLM 96 hr stalic lab Kab 1961'C7 
bioassay 

0.12 TL.50 28 day bioassay Nimmo et al. 1970" 
0.17 (O.OW.32) 1140 96 hr intermittenl Earner1 (unpub- 

flow lab bioassay h s h e d p  

1.5 (1.64.0 11.50 96 hr intermittent Earnest (unpub. 
flow lab bioassay t i shedp 

. . . ._ ,  . . . . . ,. , _ _ .  , Eggshell thinning ODE in eggs Cade et al. 191C)L 
highly correlated 
wth  shell lhinning 

1.0 lWo paralysis/ Flowing wale1 bio. Laws et al. 1911366 
death in 11 days assay 

2.8 TLM 24 hr static lab Chin end Allen 

5 LC.50 

5 LC.50 

3.4 (1.8-6.5) 11.50 

bioassay 1958"' 
96 hr static lab 

bioassay 
96 hr static n b  

bioassay 
96 hr intermittent Earnest (unpub. 

flow lab bioassay lished)'" 

Eisler 1969:" 

Eider 19693'5 

0.44 (0.214.93) 11.50 96 hr stabc lab Earnest(unpub. 
bioassay lished)"2 

96 h i  intermittent Earnest (unpub. 1.0 (1.5.28) 11.50 
bioassay lishedp: 

6 Revention o( hatch. 24 hr static lab Buchanan et 11. 

Dams and Hidu 
iw and molting bioassay 1910U' 

bimsaj !$cy'" 
48 hr Mt ic  tab 110 TLM 

I O  lcstylcholinestense 12 hr static exposure Coppage (unpub, 
activity in control l i s h e d p  
n sip1 lroupr 
Control=l.36; 
~ ~ p i = o .  im  

0.01 (0.0024.046) 11-50 $6 hr intermittent Earnest (unpub- 
flow bioassay I i s h e d F  

3.0 (1.544) 11-50 86 hr intermittent EarneSl (unvub- 
flow bioassay GshedF 

2 LC.50 96 hr static lab Eisler 1969'" 
bioassay 

4.8 TLM 96 hr static lab Kab I96laC2 
bioasuy 

I LC.50 86 hr static lab EiSler 1969"' 
bioassay 

bioassay 

bioassay 

6 LC.50 ' 96 hr static lab Eisler 197Oa'*' 

6 LC.50 96 hr static lab Eisler I970b'a' 
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TABLE IV-7-Presenre ot?d Toski ty  cf Orgmic Chemicob iti fhe Marine System-Continued 0 
US. production Presence in sea Trophic Most sensitivo Con& (ppb actirs Method 01 

Chemical pounds. ga1/)7 water or marine ammulation organisms tested FMmUlation ingredient in watcr) assessment Tml ploeedm RBluelDO 
(1) - (2) organisms (4) (5) (5) 0 (8) (9) (10) 

(3) Q 
Insecticidos. con1 

Phosdrin Il.m~thOIJca1- Not availahlo 
bonyl.1 .propen+yl.di- 
melhylphosphatel 

bolhoxyathyl).0, O.di- 
methyldithiophosphato[ 

Malalhion [S<I,Z.dicar- Not availablo 

Phosphamidon 12.Chloro. Not availablo 
N. N.diethyl.l-hydroxy- 

CIOtON~dO dimelbjl 
phorphatel 

( l E t h y l t h i o ~ m e l h ~ ~ . p h ~  
phorodithioatel 

Phorate 10.0 0iethyl.S. Not availahlo 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unknown 

Unknown 

Unknown 
Unknown 
Unknown 
Unknown 

Unknown 

Unknown 

Unlikely 

Unknown 
Unlikely 

Unlikely 
Unlikely 
Unlikely 
Unknown 

Crangon re~rnspirm two 
Sand shrimp 

Thalasomma hilardaturn 100% 
Bluehead 

lnsufiicienl dala 

t i  LC.SJ 96 hr &tic lab Eider 1 9 6 W  
bioassay 

n LC-50 96 hr static lab Grla 1910P" 
b ioasq 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unlikely 

Unknown 

Unknown 

Unknown 
Unknown 
Unknown 
Unknown 

EIpKled 

Unknown 

Unknown 

Unknown 
Unknown 

i 

0 
0 Cyprinodon variqatus .............. 

Sheepshead minnow 

ODVP 10.0-Dimethyl-0- Not availahlo 
(2.2-dichlorovinyOphos. 
phaw 

Trichtorlon [O.O.Dimethyl- Not availablo 
I~hydroxy.2.2.2.trichloro- 
el$:phosphonatel 
(Oipterei) 

phosphate1 
TEPP llclraethyl pyro. No1 arailablo 

Related products 
DBCP [I.2.0ibromo.l- 8.6XIOS Ib 

chloropropanel (NemagonR) 
Methyl bromido 2.0x107m 

Benieno 1.2XIO9gaL 
Toluene 1.6XtO~caL 
Xylans 3.8xI08gaL 
Naphthaleno 8.sxtoa gal 

Phthalic anhydride esters. 8.8XW Ib. 

Adipid add osters, IolaI 6.6XI07 

Dodecylben2enesuilonates, 5.1X IO1 Ib 

Ugninsullonates,total 4.4x10~~ 
Nilrilotriacotic and Not availablo 

TAR AN0 TAR CRUDES 

PLASTICIZERS 

lob1 

SURFACE.ACTIVE AGENTS 

IOlal (1968) 

Crangon septemspinosa .............. 
Sand shrimp 

Crassoslrea drginica .............. 
American mtls 

0 >IXIrn TlM 14 day static lab Davis and Hido 
bioassay 1968" 

12 day static lab Davis and Hidu 180 T i m  
biassay 1968" 

Crauostrea virginie .............. 

Mercenaria mercenaria ....... 

0 Hard clam 
lnrulficient dab 

lnsumcient data 
lnruflicienl data 
lnsulfirient data 
lnsulficienl data 

insumcient dab 

!nwmdrn! ?It. 

lnsulficisnl dala 

Insutlicient data 
Cyclotella nana 

Homarus americanus 
American lobster 

lnwllicient dab 
lnsulfident data 
lnwlficicnt data 
Gadus m m h s  

Cod 

D 
O 

Monohydrated 
sodium salt 

Monohydrated 
rodium ell 

Sl%l.l.2.bi- 
chloroelhno. 
WY, I ,  2.di- 
ethano 

hodor t m 

.............. 

0 
HALOGENATE0 HYDROCARBONS 

Carbon Ielrachloride ....... J.6XIOS Ib (1968) Unknown 
Oichlorodifluoromet~no ... 3.1~117 (IW) Unknown 
Ethylens dichloride.. ...... 4.8XlO9 (1960 EIpectcd 
Aliphatic chlorinated hydro. IXIV Ib (erti. Surlaca w a t m  

carbon wastes of vinyl 
chloride prcduclion vinyl chloride nisms 01 North 

NOM So (Ian. 
sen et a 1  191OP1 

1 9 6 4 ~ ~ 0 .  Rim- 
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whether or not the compound lias been dctectcd in sea 
water or in marine organisms. Compounds which have 
been detected are of greater immediate concern than those 
which have not. Frequently, because of their low solubility 
in water, some of the non-polar compounds \cliich are bio- 
logically accumulated can lie detected in an organism but 
not i n  tlie water itself. (c) The  fourth column, trophic ac- 
cumulation, indicates \vhetlicr the compound lias been 
shown to pass through tlie food web from prey species to 
predator. Compounds that are so accumulated are of greater 
concern than compounds of comparable toxicity which are 
not. Finally, tlie species thought to he most sensitive to the 
compound are indicated i n  the final columns \yi t l i  rcfercnce 
to original studies in the scientific literature. These data are 
useful as a guide only and are not sufficient in themselves 
for definitive evaluation of the environmental significance of 
each compound. 

The  report, “The Effects of Chemicals on .4quatic Life, 
vol. 3, Environmental Protection Agency, \Vatcr Quality 
Oflice, 1971,” has been uscful as a guide to tlie availalAe 
toxicity data of industrial clicmicals on niarinr organisms. 
.4ppcndix 111-Talk G is a compcndium of data on tosicity 
of prsticides to marine organisms. Thesc sources arc incom- 
plctc and should be continually rc\.iscd. 

Bases for Recommendations 

1. In order to providc an adequate levcl of protection 
for commercially important marine species and for species 
considered important in the maintenance of stability of the 
ecosystem, an application factor of one onc-hundredth 
(0.01) is used \\hen pesticides or organic wastes that arc not 
trophically accumulated in food \vetis are applied or re- 
leased i n  estuarine 01 niarinc environmcnts. This factor is 
arbitrary and was dcrived from data a \ d a h l c  on marinc 
and freshwater organisms. (See Section 111, p. 1 2 1 . )  I t  
assumes that a concentration of otic one-hundrcdh (0.0;) 
of that causing harm to the most sensitive species to be 
protected will not damage this species or the ecosystem. 
Future studies may shoic that the application factor must 
bc decreased or increased in magnitude. 

The  application factor may also be used for the 
compounds that are trophically accumulated in food welx 
in order to protect fish and invertebrates to which these 
compounds are toxic. I t  cannot lie used, however, to protect 
fish-eating birds and inammals \vliich may trophically ac- 
cumulate these compounds from their prey species, in part 
because sublethal effects such as eggshell thinning and 
hormone imbalance may adversely affect reproductive ca- 
pacity and therefore the long term survival of populations. 
Levels that would protect fish-eating birds and mammals 
against the effects of compounds that are trophically ac- 
cumulated from prey species are given in the discussion of 
h4arine \Yildlifc (see pp. 2 2 4 - 2 2 0 ) .  

The recommendations Iielo\v apply to all organics of 
both proved and potential toxicity. 

2. 

Categories of Pollutants /269 

Recommendations 

In general, marine life with the exception of fish- 
eating birds and mammals should be protected 
where the maximum concentration of the chemical 
in the water does not exceed one ‘one-hundredth 
(0.01) of the LC50 values listed in Column 7, Table 
IV-7, pp. 265-268. If new data indicate that an  eco- 
system can adequately degrade a particular pollu- 
tant, a higher application factor for this pollutant 
may be used. 

In order to maintain the integrity of the eco- 
system to the fullest possible extent, it  is essential 
to consider effects on all non-target organisms 
when applying pesticides to estuarine habitats in 
order to control one or more of the noxious species. 
For those occasions when chemicals must be used, 
the following guidelines are offered : 

0 a compound which is the most specific for 
the intended purpose should be preferred 
over a compound that has broad spectrum 
effects; 

0 a compound of low persistence should be 
used in preference to a compound of greater 
persistence ; 

0 a compound of lower toxicity to non-target 
organisms should be used in preference to 
one of higher toxicity; 

0 water samples to be analyzed should include 
all suspended particulate and solid material : 
residues associated with these should there- 
fore be considered as present in the water; 

e when a derivative such as p,p’-DDE or 
1-napthoi is measured with or instead of the 
parent compound, the toxicity of the de- 
rivztive she:!(! he cnnsidered separately : if 
the toxicity of a derivative such as an  ionic 
species of a pesticide is considered equivalent 
to that of the original parent compound, 
concentrations should be expressed as equiv- 
alents of the parent compound. 

I t  is recommended that the chemicals listed in 
Table IV-7 and all chemicals subsequently added 
to this list be considered as toxic organic com- 
pounds potentially harmful to the marine environ- 
ment. I t  is emphasized that the data in Table 
IV-7 are not sufficient in themselves for final evalu- 
ation of the environmental significance of each 
compound. 

OXYGEN 

An extensive review and discussion of the present in- 
formation on biological responses to variations in dissolved 
oxygen has been published recently by Doudoroff and 
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Shumway ( 1  9 7 0 )  .3e? This review has been used in develop- 
ing oxygen recommendations by both the Freshwater and 
Marine Panels in their reports. On the basis of this large 
body of information, recommendations for “levels of pro- 
tection” for freshwater fish populations have been devel- 
oped. Estuarine and marine organisms have not been 
studied as extensively, and the present information is inade- 
quate for satisfactory analysis of the response of communi- 
ties to temporal and spatial variations in dissolved oxygen 
concentrations. 

The  generalizations presented by the Freshwater Panel 
appear to be valid, with qualifications, for estuarine and 
marine situations. 

1 A reduction in dissolved oxygen concentration reduces 
the rate of oxygen uptake by aquatic plants and animals. 
However, as noted by Doudoroff and Shumway, the ob- 
served response of many organisms under laboratory condi- 
tions measured in such terms as growth rate, swimming 
speed, or hatching weight, shows fractional or percentage 
reductions that approximately correlate with the logarithm 

equilibrium with the atmosphere, under conditions of con- 
sfant dissolved oxygen concentrations. Thus, reduction in 
the dissolved oxygen concentration by 1 mg/l from the 
saturation value has much less effect than reduction by 1 
mg/ 1 from the 50 per cent of saturation value. 

The  non-threshold character of these responses means 
that some risk of effect on the aquatic populations is associ- 
ated with any reduction in the dissolved oxygen concentra- 
tions. As noted above, the risk of damage increases as dis- 
solved oxygen concentrations decrease from saturation 
values. Selection of risk acceptance is a social and economic 
evaluation involving other uses of any particular environ- 
ment that must precede recommendations derived using the 
risk acceptance and the pertinent scientific information. 

Consideration of the effects of dissolved oxygen con- 
centrations on aquatic life must include the responses of 
developing eggs and larvae, as well as the maturing and 
adult individuals. Species that have limited spawning areas 
should be identified and the biological risk of decreased 
oxygen concentrations evaluated accordingly. 

For estuaries and coastal waters, consideration must be 
given to the distribution of dissolved oxygen with depth, 
since even under natural conditions low oxygen concentra- 
tions may be found in the deeper waters. Special considera- 
tion should be given to estuary type, topography, currents, 
and seasonal development of pycnoclines. 

Many estuaries and coastal regions are highly productive, 
and the characteristic pattern with photosynthesis in the 
urr..-r.urcl r a y c t  ci iidjzceiii i i i d i b i l c b  it.& to iarge popu- 
lation densities in the upper layers and loss of oxygen to the 
atmosphere from the supersaturated surface waters or the 
marsh plants. Subsequent decomposition of these organisms 
and their wastes in the deeper waters leads to oxygen deple- 
tion. Several deeper coastal plain estuaries and fjords show 
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oxygen depletion from this sequence. Addition of mineral 
and organic plant nutrients to such regions may intensify 
the production and subsequent decomposition processes. 
The effects of particular additions will depend on the water 
depths and rate of vertical mixing, and it is necessary to 
construct an oxygen balance model for each case. Sewage 
treatment that consists of partial or nearly complete miner- 
alization of the organic matcrials may still pruduce a dis- 
charge that will damage the aquatic system, i.e., an amount 
of organic matter nearly equal in oxygen demand to the 
original sewage is produced in the environment. The  princi- 
pal effect of many “secondary” treatment systems is the 
trading of an intense local effect near the outfall for a more 
widespread effect at  greater distances. One of the major 
considerations in defining water quality recommendations 
for’nutrients in any estuarine or coastal region should be the 
risk associated with oxygen depletions from increased 
production. Deliberate moderate additions of nutrients to 
increase the yield of some fishery should also give due regard 
to this secondary effect. 

Recommendavion 

Each proposed change in the dissolved oxygen 
concentration in estuaries and coastal waters 
should be reviewed for risk of damage to aquatic 
life. The limited laboratory data and field obser- 
vations on marine organisms suggest that easily 
observed effects, which are in many cases deleteri- 
ous, occur with dissolved oxygen concentrations 
of 4 to 5 mg/l as daily minimum values for periods 
of several days. As a guideline, therefore, reduction 
of the dissoived oxygen concentration to values 
below 4 mg/l can be expected to change the kinds 
and abundances of the aquatic organisms in the 
affected volume of water and area of bottom. Bar- 
ticular attention should be directed toward identi- 
fying species with restricted spawning and nursery 
areas and conservatism should be used in applying 
guidelines to these areas. (See the expanded dis- 
cussion in Section 111, pp. 131-135.) 

RADIOACTIVE MATERIALS IN THE AQUATIC 
ENVIRONMENT 

This section considers radioactivity in all surface waters 
inhabited by plants and animals including fresh, estuarine, 
and marine waters of the U.S. The subject matter pertains 
primarily to the impact of environmental radioactivity on 
aquatic organisms, although it also contains some discussion 
of human radiation exposure from aquatic food chains. A 
recent report by the National Academy of Sciences (1 9 7  1)397 
presented a review of radioactivity in the marine environ- 
ment, and that review has been used extensively in the 
preparation of this report. 
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Characteristics and Sources of Radioactivity 

Radiation is the energy emitted spontaneously in the 
process of decay of unstable atoms of radioisotopes. This 
energy can exist either in the form of electromagnetic rays 
or subatomic particles and cannot be detected by man's 
senses. Radiation can be detected, however, by means of 
electronic instruments, and quantities present at  very low 
levels in the environment can be measured with remarkable 
accuracy. Radioactivity which occurs naturally in the en- 
vironment originates from primordial radioisotopes and 
their decay products (daughters) and from reactions be- 
tween cosmic rays from outer space and elements in the 
atmosphere or in the earth. Some of the more abundant 
primordiil radioisotopes in terms of their radioactivity are 
potassiuni ("K), palladium (234Pd), rubidium (S7Rb), 
uranium (238U) and thorium (237T), the first accounting for 
90 per cent of the natural radiation in the oceans. While 
beryllium ('Be) is the most abundant radioisotope produced 
by cosmic rays, carbon (14C) and hydrogen (3H) (tritium) 
are biologically the most interesting. The  presence of natural 
radioactivity was unknown until 1896 when Becquerel dis- 
covered uranium. Until the development of the atomic 
bomb during World War 11, virtually. all of the radio- 
activity on earth came from natural sources. 

The  first man-made radioisotopes were not released into 
the environment in any significant amounts until the atomic 
bomb was tested and used in war even though the uranium 
235 atom was first split (fissioned) by neutron bombard- 
ment in 1938. While the release of radioisotopes was dras- 
tically reduced with the halting of nuclear weapons testing 
in the atmosphere ,by signatories of the test ban treaty, 
radioactive wastes continue to be released from nuclear 
powered ships and submarines, nuclear power plants, nu- 
clear fuel reprocessing plants, and to a lesser extent from 
laboratories and hospitals. Two methods have been used in 
handling radioactive wastes. High levels have been concen- 
trated and held in special storage tanks, while low levels of 
radioactive wastes in small volumes have been diluted and 
dispersed in the aquatic environment-particularly in the 
oceans. Some manmade radioisotopes, such as strontium 90 
and cesium 137, are the debris of split atoms and are called 
fission products. Other radioisotopes, such as zinc 65 and 
cobalt 60, are activation products, produced when stray 
neutrons from the fission process strike the atoms of stable 
elements. 

Cycling of Radioactive Materials The physical, 
chemical, and physiological behavior of radioisotopes is es- 
sentially identical with that of the stable isotopes of the same 
element-at least until disintegration occurs. It should be 
pointed out, however, that in some instances the physical 
and chemical states of a radioisotope introduced into the 
aquatic environment may vary from that of the stable ele- 
ment in water. At the time of disintegration, the decaying 
atoms change into different types of atoms of the same ele- 

ment or into atoms of a different element. If the behavior 
of a particular element in an ecosystem is known, the be- 
havior of the radioisotopes of that element can be predicted. 
The  reverse also is true, and radioisotopes can serve as ex- 
cellent tracers in following the movement of elements 
through complex environmental systems. Radioactive 
wastes in the aquatic environment may be cycled through 
water, sediment, and the biota. Each radioisotope tends to 
take a characteristic route and has its own rate of movement 
through various temporary reservoirs. The route taken by 
tritium is different from that of other radioisotopes. Tritium 
becomes incorporated in the water molecule and cannot be 
removed by present waste treatment practices. It is not con- 
centrated appreciably by either biota or sediments. 

\\'hen radioactive materials enter surface waters they are 
diluted and dispersed by the same forces that mis and dis- 
tribute other soluble or suspended materials (National 
Academy of Sciences 1957).393 The dominant forces are 
mechanical dilution that mixes radioisotopes in the waste 
stream as it leaves an outfall structure; advection and turbu- 
lent diffusion that mix materials in the receiving waters; 
and major transport currents that move masses of water 
over relatively long distances. O n  the other hand, precipita- 
tion and sedimentation tend to restrict thc area of dis- 
persion. When first introduced into fresh or marine water, 
a substantial part of the materials present in radioactive 
wastes becomes associated with solids that settle to the bot- 
tom, and many of the radioisotopes are bound chemically 
to the sediments. The sediments may also be moved geo- 
graphically by currents. Even though in some instances 
sediments remove large quantities of radioisotopes from the 
water, and thus prevent their immediate uptake by the 
biota, this sediment-associated radioactivity may later 
leach back to the water and again become available for up- 
take by the biota. 

Plants and animals, to be of any significance in the pas- 
sage of radioisotopes through a food web in the aquatic 
environment, must accumulate the radioisotopc, retain it, 
be eaten by another organism, and be digested. Radioiso- 
topes may be passed through several trophic levels of a food 
web, and concentrations can either increase or decrease 
from one trophic level to the next, depending upon the 
radioisotope and the particular prey-predator organisms. 
This variation among trophic levels occurs because different 
organisms within the same trophic level have different 
levels of concentration and different retention times, which 
depend upon their metabolism or capacity to concentrate a 
given radioisotope. The concentration of a radioisotope by 
an organism is usually discussed in terms of a concentration 
factor: the ratio of the concentration of the radioisotope in 
the organism to that in its source, that is, the amount in 
water or food. Radioisotopes with short half-lives are less 
likely to be highly concentrated in the higher trophic levels 
of the food chain because of the time requirea to move from 
the water to plants, to herbivores, and eventually to carni- 

I 
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vores. Organisms that concentrate radioisotopes to a high 
level and retain them for long periods of time have been 
referred to as “biological indicators for radioactivity.” These 
organisms are of value in showing the presence of radio- 
active materials even though the concentrations in the water 
may be less than detectable limits. 

Exposure Bothways 

or particulate), the dose rate (intensity per unit of time), 
and the total dose. Possible effects to the individual orga- 
nism may include death, inhibition or stimulation of growth, 
physiological damage, changes in behavioral patterns, de- 
velopmental abnormalities, and shortening of life span. In 
addition, the extent of biological damage from radiation can 
be modified by environmental stresses such as changes in 
temperature and salinity. Under certain conditions, irradia- 

The  radiation emitted by radioisotopes that are present in 
aquatic ecosystems can irradiate the organisms in many 
different ways. In order to evaluate the total radiation dose 
received by the aquatic organisms, and thus the risk of their 
being injured, all sources of esposure must be considered. 
These sources include both natural and man-made radia- 
tion, both esternal and internal. 

1 Radioiso- 
topes in the surrounding water that tend to remain in 
solution, or at least suspended in the water, become associ- 
ated more readily with aquatic organisms than the radio- 

Radioisotopes present on or fixed to sediments are 
significant to aquatic life, particularly to benthic organisms 
in the vicinity of esisting major atomic energy plants. 

Radioisotopes attached to the outer surfaces of orga- 
nisms are of greater significance to micro-organisms, which 
have a larger surface-to-volume ratios, than shellfish or fish. 

Cosmic-rays are of relatively minor importance to 
aquatic life that lives a few feet or more below the water 
surface, because of the shielding afforded by the water. 

I Radioiso- 
topes in the gastrointestinal tract frequently are not assimi- 
lated, but during their residence in the tract expose nearby 
internal organs to radiation. 

Assimilated radioisotopes are absorbed from water 
through the integument or from food and water through the 
walls of the gastrointestinal tract, metabolized, and are in- 
corporated into tissues where they remain for varying 
periods of time. Aquatic plants, including algae absorb 
radioactive materials from the ambient water and from the 
interstitial water within the sediments. 

I t  is ditlicult to measure the amount of radiation ab- 
sorbed by aquatic organisms in the environment because 
they are simultaneously irradiated by radioisotopes within 
their body, on the surface of their body, in other organisms, 
in the water, and in sediments. Exposure thus depends on an 
organism’s position in relation to the sediments and to other 
organisms, and to movement of some species in and out of 
the contaminated area. 

Major Sources of External Radiation 
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Major Sources of Internal Radiation 
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tion can cause gross pathological changes which are easily 
observed, or more subtle changes which are dificult or im- 
possible to detect. In addition to somatic changes which 
affect the individual, genetic changes also may occur which 
may affect the offspring for many generations. At one time, 
it was widely believed that there was a threshold radiation 
dose below which damage did not occur, but now the con- 
sensus of most radiobiologists is that any increase over back- 
ground radiation will have some biological effect. While 
the non-existence of a threshold dose is difficult to prove, 
most radiation biologists agree that even background levels 
of radiation from primordial radioisotopes and cosmic r ~ y s  
have resulted in some genetic changes over the ages. These 
radiation-induced changes usually constitute less than 1 per 
cent of all spontaneously occurring mutations (Asimov and 
Dobzhansky I 966).384 

The amount of radiation absorbed by an  organism can be 
espressed in various ways. The rad (radiation absorbed 
dose) is the unit used to measure the absorbed dose of radia- 
tion and refers to the absorption of 100 ergs of energy per 
gram of irradiated material. Because a rad of alpha or neu- 
tron radiation produces greater biological damage than a 
rad of gamma radiation, another unit called the rem (roent- 
gen equivalent man) also is used. To obtain the rem, or dose 
equivalcnt, the number of rads absorbed by the tissue is 
multiplied by the quality factor and other necessary modify- 
ing factors to compensate for the effects of different types of 
radiation. The  acute doses of radiation required to produce 
somatic damage to many species of aquatic organisms have 
been established within broad limits (National Academy of 
Sciences 1971).a97 Some bacteria and algae can tolerate 
doses of many thousands of rads, but the mean lethal dose 
(LD5O-30 days) for fish is in the range of several hundred 
to a few thousand rads. Eggs and early developmental 
stages are more sensitive than are adults. By comparison, 
the mean lethal dose for humans is about 300 rads. 

The  acute mean lethal dose has little value in placing re- 
strictions on the amounts of radioactive material present in 
aquatic environments. Much more meaningful is the highest 
level of chronic exposure that results in no demonstrable 
damaee to aquat.ic pnplllptiens. A vast zme ln t  nf r ~ e z r ~ h  
on dose-effect relationships for warm-blooded animals has 
led to the recommendations on human radiation exposure. 
People who work with radiation may receive no more than 
5 rem in any one year. The  recommended limit for the 
general public is 0.5 rem in one year for individuals but is 
restricted to only 0.17 rem per year as an  average for popu- 

Biological Effects of Ionizing Radiation 

Ionizing radiation absorbed by plant and animal tissue 
may cause damage at  the cellular and molecular levels. The  
degree of radiation damage to an organism depends upon 
the source (external or internal), the type (electromagnetic 
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lations. The lower level permitted for populations is to re- 
duce the possibility of genetic changes becoming established. 

Compared with the experimental data available for 
warm-blooded animals, only a meager amount of informa- 
tion is available on chronic dose-effect relationships for 
aquatic forms. The  preponderance of available data indi- 
cates, however, that no effects are discernible on either indi- 
vidual aquatic organisms or on populations of organisms a t  
dose rates as high as several rads per week. In  populations of 
wild species, genetic damage may be removed by natural 
selection and somatically weakened individuals are prob- 
ably eaten by predators. Consequently, aquatic organisms 
adversely affected by radiation are not readily recognized 
in the field. 

The  natural populations of fish that have probably sus- 
tained the greatest exposure to man-made radioactive ma- 
terials are those near major atomic energy installations, for 
example, in the Columbia River near Hanford; in White 
Oak Creek and  White Oak Lake, near Oak Ridge; and in 
the Irish Sea near IVindscale, England. Small fish which 
received chronic irradiation of about 10.9 rads per day from 
radioisotopes in the sediments of White Oak Creek produced 
larger broods but with a higher incidence of abnormal em- 
bryos (Blaylock and Mitchell 1 969).385 Chironomid larvae 
living in the bottom sediments and receiving about five 
rads per week had an increased frequency of chromosomal 
aberrations but the abundance of the worms was not af- 
fected. The  stocks of plaice in the vicinity of the \Vindscale 
outfall have been unaffected by annual dose rates of about 
10 rads per year-primarily from the bottom sediments 
(Ministry of Agriculture, Fisheries and Food 1 967).39’ 
Columbia River salmon spawning in the vicinity of the 
Hanford outfalls have been unaffected by doses in the range 
of 100 to 200 millirads per week (Watson and Templeton 
in press).4M These observations on chronic exposure o i  
aquatic organisms provide a subjective assessment of radia- 
tion sensitivities in natural populations but are not suffi- 
ciently definitive to form the basis for the development of 
water quality recommendations. 

Restrictions on Radioactive Materials 

The amounts of radioactive materials present in water 
must be restricted in order to assure that populations of or- 
ganisms are not damaged by ionizing radiation and also to 
limit the amount of radioactive material reaching man via 
aquatic food chains. Permissible rates of intake of the vari- 
ous radioisotopes by man have been calculated so that the 
resulting annual dose is no greater than the recommended 
limit. Therefore, when the rate of consumption of aquatic 
organisms is determined, e.g., pounds of fish or shellfish per 
year, maximum concentrations of radionuclides permissible 
in the edible parts of the organisms can be computed. These 
maximum concentrations are well below the concentrations 
which have produced detectable effects on natural aquatic 
populations. I t  is probable that the aquatic en\’ wonment 

will be protected by the restrictions currently imposed on 
the basis of human health. 

The  regulations which serve to protect man lrom radia- 
tion exposure are the result of years of intensive studies on 
the biological effects of radiation. Vast amounts of informa- 
tion have been considered by the International Commission 
on Radiological Protection (ICRP) ( 1960,3s9 1964,390 
1 965391), the National Council on Radiation Protection and 
Measurements (NCRP) (1959,39Y 1971399), and the U.S. 
Federal Radiation Council (FRC) (1960,3s7 1961 3ss), in 
developing recommendations on the masimum doses of 
radiation that people may he allowed to receive under 
various circumstances or that may occur in water. The  
Drinking \Vater Standards (U.S. Department of Health, 
Education and \\‘elfare, Public Health Service 1 96Z5O0) and 
the Code of Federal Regulations ( 1  967)3s6 are responsive to 
the recommendations of the FRC, ICRP, and NCRP, and 
provide appropriate protection against unacceptable radia- 
tion dose levels to people where drinking water is the only 
significant source of esposure above natural background. 
\Yhere fish or other fresh or marine products that have 
accumulated radioactive materials are used as food by liu- 
mans, the concentrations of the radiosiotopes in  the water 
must be further restricted to ensure that the total intake of 
radioisotopes from all sources will not exceed the recom- 
mended levels. 

Conclusions 

Previous attempts to restrict radioactive discharges to 
marine environments have resulted in recommended maxi- 
mum permissible concentrations in sea water (Kational 
Academy of Sciences i 959a,391 1959b,395 1 9G?,39G 19? 1 Rq7). 
These recommendations are most useful as a first approxi- 
maiiuii iii piedietifig safe rates sf discharm= a- nf - radioactive 
wastes, but their applicability as water quality recommenda- 
tions is limited and they are not intended for general use in 
fresh or estuarine waters where the concentrations of a great 
variety of chemical elements vary widely. 

Three approaches to the control of levels of radioactivity 
in the aquatic environment have been used : (1) controlling 
the release of radioactivity based upon the specific activity 
approach-the ratio of the amount of radi0actk.e isotope 
present to the total amount of the element (microcuries per 
milligram) (National Academy of Sciences 1 962),396 (2) 
relating the effects of radiation upon aquatic organisms 
caused by a given concentration of a radioisotope or com- 
binations of radioisotopes in the water, and (3) restricting 
conccntrations of radioisotopes to those permitted in water 
and food for human consumption. 

Since concentrations of stable elements vary from one 
body of water to another, and with time, and since adequate 
data are not available to relate effects of radiation upon 
aquatic organisms to specific levels of radioactivity in the 
water, restrictions contained in the Code of Federal Regu- 
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. [ations j1967)3s6 on liquid eEuenrs are considered adequate 
to safepard  aquatic organisms. 

Because it is not practical to generalize on the extent to 
which many of the important radioisotopes will be concen- 
trated by aquatic organisms, nor on the extent to which 
they will be used for food by people, no attempt is made 
here to specify maximum permissible concentrations (MPC) 
for water in reference tn iiptake by the organisms. Rather, 
each case requires a separate evaluation that takes into ac- 
count the peculiar features of the region. Such an evaluation 
should be approved by an agency of the State or Federal 
Government in each instance of radioactivity contamina- 
tion in the environment. In  each particular instance of pro- 
posed contamination, there must be a determination of the 
organisms present, the extent to which these organisms 
concentrate the ratioisotopes, and the extent to which man 
uses the organisms as food. The  rates of release of radio- 
isotopes must be based on this information. 

Recommendation 

various degrees in their tissues. The concentration 
in sea water should be low enough so that the con- 
centration in any aquatic species will not exceed 
Radiation Protection Guides of the U.S. Federal 
Radiation Council (1961)40* for organisms harvested 
for use as human food. This recommendation is 
based upon the assumption that radiation levels 
which are acceptable as human food will not injure 
the aquatic organisms including wildlife. 

, * , q i , i ~ t i ~  oigaiiisms CoiiCentiZte i&Giijisatijpea io 

SEWAGE AND NUTRIENTS 

Magnitude of the Problem 

The discharge of municipal sewage is a major factor 
affecting. the water quality of receiving systems. Because 
the amount of municipal waste produced is directly related 
to the human population, the unit emission rates together 
with information on the number of people using a system 
provide an  accurate estimate of the load that is imposed on 
a particular estuary or section of coastal water. 

The  effect of sewage discharges on water quality varies 
widely and depends on ( I )  its composition and content of 
toxic materials, (2) the type and degree of treatment prior 
to discharge, (3) the amount released, (4) the hydrody- 
namics of the receiving waters, and ( 5 )  the response of the 
ecosystem. Increasing human population and affluence 
have resulted in increasing amounts of domestic and in- 
dustrial wastes. However, because the kind and degree of 
ti-cairrieni often can be improved, it shouid be possibie to 
cope with this pollution problem and to maintain or im- 
prove the quality of the marine environment. 

I n  most cases the discharge of sewage effluent is inten- 
tional and the source of sewage and sewage treatment 
products entering marine ecosystems can be described more 

TABLE ZV-8-Average Sewage Emissions for a Densely 
Populated Areo 

COrutilUont fflao omirrim ratD (tcas/ds).r Unit @mirdm rata ob/etib/@) 

Oirvllrud loUdr.. ....................... 1. 1.0 
Suspandod wGdr 565 0.162 
BOO ................................... 560 0.160 
lotdl m’trc+m (N). ...................... le 0.047 
hirphte (Pa) ......................... 1I 0.029 

........................ 

accurately than the sources of other pollutants entering the 
ecosystem. The  volume of discharges and certain aspects of 
their composition, specifically, the amount of organic mat- 
ter and the inorganic nutrients, can be monitored continu- 
ously by existing automated methods. Average values for 
some important constituents and their emission rates in a 
densely populated coastal area are given in Table IV-8. 

Riinnff frnm- @ciJ!i~rc areas is as irngsrt~nt f ~ ~ _ t n r  i- 
the nutrient enrichment of freshwater systems, but it is less 
important to marine systems because relatively fewer farms 
are concentrated on estuaries and coasts. Nevertheless, agri- 
cultural practices should be considered. Pesticides, fertil- 
izers and animal wastes may be carried by rivers into 
estuaries. Runoff from duck farms was involved in a study 
on excessive nutrient enrichment by Ryther ( 1954).4n 
Commoner ( 1970)404 has emphasized that in the United 
States during the last twenty-five years the amount of ni- 
trogen used in agriculture has increased fourteenfold while 
the amount of nitrogen released via sewage has increased 
only seventy per cent. 

In  addition to degradable organic materials derived from 
fecal and food wastes, municipal sewage also contains a 
wide variety of “exotic” or synthetic materials that are non- 
degradable or degrade slowly and only under special condi- 
tions (e.g., petroleum residues, dissolved metals, detergents, 
dyes, solvents, and plasticizers). Some of these adversely 
affect the biota of receiving waters, and many interfere with 
the biological degradation of organic matter either in the 
treatment plant or in the environment. Because waste 
treatment technology currently in use is designed to treat 
the fecal and food materials derived from organic wastes, 
an  operational definition of municipal sewage “exotics” is 
all those materials not derived from fecal or food sources. 
If the exotic materials accumulate in the receiving ecosys- 
tem, the capacity for recycling of the degradable organic 
materials may be reduced. 

Oxygen Depletion 

Efficient biological degradation of organic materials re- 
quires dissolved oxygen, and overload of sewage in receiving 
waters can result in oxygen depletion and secondary effects 
such as objectionable cdors, plant and animal die-off, and 
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generally decreased rates of biological degradation. Such 
effects can also be created by excessive algal growth and 
subsequent die-off. 

The most widely used method for estimating the organic 
pollution load of a waste is the 5 day Biochemical Oxygen 
Demand Test (BOD5). Discussions of the test (Fair et al. 
1968,407 Standard Methods 1971 403) and its limitations 
(\Yilhm and Dorris 1968426) are available. Among the im- 
portant limitations of the BOD5 are: it does not indicate the 
presence of organics which are not degraded under the pre- 
scribed conditions; it assumes that no toxic or inhibitory 
materials will affect microbial activity; and it does not 
measure the nitrogeneous oxygen demand of the organic 
waste. The  chemical oxygen demand (COD) is an alternate 
procedure for determining the amount of oxidizable ma- 
terial in a water sample. However, it  does not indicate the 
nature of biological oxygen consumption in a given time, 
and it does not distinguish between inorganically and or- 
ganically oxidizable materials. Both BODs and C O D  
measurements must be recognized as being only partial 
descriptions of the sewage load of a receiving water. While 
BOD!, and COD measurements are useful for evaluating 
treatment systems, these two measurements do  not ade- 
quately assess the environmental impact of a given sewage 
load (\Yilhm and Dorris 1968).4?6 

Excessive Nutrient Enrichment 

Marine plants, like those on land and in fresh water, re- 
quire fertilizing elements essential for their growth and re- 
production. These essential elements are natural constitu- 
ents of municipal sewage and the amount that can be added 
to the marine environment without deleterious effect is de- 
termined by the stimulated growth of aquatic plants. Even 
if the major share of the organic material is removed from 
the sewage in treatment plants, the growth of normal 
marine plants can increase if the fertilizing elements present 
in sewage are added to the environment. Sewage treatment 
plants are designed to remove the organic material and the 
suspended solids and to decrease the bacterial population 
by disinfection. I n  most cases, this is done by processes that 
release or “mineralize” the plant nutrients which then stim- 
ulate the growth of algae in the receiving waters. In only a 
few cases have efforts been made to remove these fertilizers 
from the effluent to prevent or reduce the excessive growth 
of plants in the aquatic environment. 

In the marine environment, growth of phytoplankton is 
commonly limited by the availability of essential nutrients, 
the most important of which are phosphorus and nitrogen 
in available forms. In some cases, shortages of silicate can 
inhibit the growth of the diatoms and encourage growth of 
other species. In certain limited areas, other elements such 
as iron and manganese have been reported as limiting 
growth of algae, and the presence or absence of other 
growth stimulating substances, such as vitamin B,?, can in- 
fluence both the amount and the character of plant species 

capable of growing. I t  should be noted that in the marine 
environment, several elements essential for plant growth 
such as potassium, magnesium, and sulfur, are present in 
great excess. 

Organic material produced by natural phytoplankton 
populations produces an oxygen demand when the material 
is consumed or decomposed. Oxygen is produced by the 
process of photosynthesis, but this production occurs only 
near the surface during daylight when the amount of light 
penetrating the water is adequate. Due to the sedimentation 
of dead organic particulate material, decomposition usually 
takes place in the deep waters where photos) nthetically pro- 
duced oxygen is not available. 

The  amount of organic material which can be produced 
by marine phytoplankton as a result of the addition of 
fertilizing elements is dependent upon the composition of 
the organic material. Redfield et al. (1963)4?0 give the fol- 
lowing ratios as characteristic of living populations in the 
sea and of the changes which occur in amounts of various 
elements left in water as a result of algal growth 

AO: AC: AN : A P =  
276: 106: 16 : 1 by atoms or 
138: 40: 7%: 1 by weight 

In  addition to the readily available forms of phosphorus 
and nitrogen (dissolved orthophosphate, ammonia, nitrite, 
and nitrate), organic forms of phosphorus and nitrogen may 
be made available by bacterial decomposition. Some dis- 
solved organic nitrogen compounds are also available for 
direct assimilation. 

I t  should be emphasized that these ratios are not con- 
stant in the rigorous sense of the stoichiometric ratios in 
chemistry. The plant cells can both enjoy a “luxury” con- 
sumption of each element (Lund 1950)4’4 or survive nutri- 
tional deficiencies (Ketchum 1939,“O Ketchum et al. 
1Y4Y4”). i n  terms of the totai production of orgaiiiL Illd- 

terial these variations are important only when concentra- 
tions of the elements are unusually low. I t  has been shown, 
for example, in New England coastal waters that nitrogen is 
almost completely removed from the sea water when there 
is still a considerable amount of phosphorus available in the 
system. Under these circumstances the plants will continue 
to assimilate phosphorus, even though total production of 
organic matter is limited by the nitrogen deficiency 
(Ketchum et al. 1958,“* Ryther and Dunstan 1971423). 

The  amount of oxygen dissolved in sea water a t  equi- 
librium with the atmosphere is determined by salinity and 
temperature. Nutrient elements added to the marine en- 
vironment should be limited so that oxygen content of the 
water is not decreased below the criteria given in the dis- 
cussion of Dissolved Oxygen in this Section. In many pol- 
luted estuaries, the amount of fertilizing elements added in 
municipal sewage is sufficient to produce enough organic 
material to completely exhaust the oxygen supply during 
decomposition. The  oxygen content of sea water and of 
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fresh water st qui!ibrium with the atmosphere is presented 
for different temperatures in Table IV-9. For the purposes 
of this table, a sea water of 30 parts per thousand ($60) 
salinity has been used, which is characteristic of the near- 
shore coastal waters. The  salinity effect on concentration of 
oxygen at  saturation is minor compared to effects of tem- 
perature in the normal ranges found in coastal waters. 

From the ratios of elements given above and the satura- 
tion values for oxygen, one can derive the effect of nutrient 
enrichment of marine waters. For example, from an addi- 
tion of phosphorus and available nitrogen to final concen- 
trations of 50 and 362.5 micrograms per liter respectively 
in the receiving water, enough organic material could be 
produced to remove 6.9 milligrams per liter of oxygen from 
the water. Data in Table IV-9 indicate that sea water with 
a salinity of 30 9.60 and a temperature of 25 C will contain, 
at  saturation, 6.8 milligrams of oxygen per liter. This con- 
centration of nutrients would thus permit the system to be- 
come anoxic and would violate the requirement that oxygen 
not be changed be)-ond levels expressed in the section on 

oxygen at saturation at 25 C, so that the same amount of 
nutrient addition would remove 84 per cent of the available 
oxygen. 

The  example used might be considered to set an upper 
limit on the amount of these nutrients added to water. The  
actual situation is, of course, much more complicated. I t  is 
clear from the data in Table IV-9 that summer conditions 
place the most stringent restrictions on nutrient additions to 
the aquatic environment. Furthermore, the normal content 
of nutrients i n  the natural environment has to be considered. 
If these were already high, the amount of nutrients that 
could be added would have to be reduced. As mentioned 
above, the ratio of elements present in the natural environ- 
ment would also be important. Nitrogen is frequently the 
element in minimum supply re1atit.e to the requirement of 
the phytoplankton, and addition of escess phosphorus under 
these circumstances has less influence than addition of nitro- 
gen. Differences in the ratios of nitrogen to phosphorus may 
also modify the type of species present. Ryther (1954),'" 
for example, found that unusually low nitrogen to phos- 
phorus ratios in hioriches Bay and Great South Bay on 
Long Island, New York, encourage the growth of micro- 

nisqnlvrrl Q y y n ,  Fresh iv.pter ivor-11~ Cnntpin R . l  mg/l nf 

TABLE IV-9-Effects of Salinity and Temperature on the 
Oxygen Content of Water in Equilibrium with Air a t  

At rnospheric Pressure 

Tampenturs C klioiv o/w O m e n  w/l Saliml) Q/w Omen m ~ l  

25 30 6.8 0 1.1 
m 30 1.4 0 8.9 
IO 30 9.1 0 10.9 
0 30 11.65 0 14.15 

Richards and Cmrrin 1 9 5 6 4 ~ .  

scopic forms of :?i?;itici!/(OTiS ci:om;ts a t  thc cxpcnse of the 
diatoms normally inhabiting this estuary. 

hfany forms of blue-green algae are capable of fixing 
nitrogen from the gaseous nitrogen dissolved in sea water. 
Nitrogen deficiencies could be replenished by this mecha- 
nism so that decrease in phosphorus content without con- 
comitant decrease in nitrogen content might still lead to 
overenrichment, as well as shift the dominant phytoplank- 
ton population. 

Osygen content of upper water la).ers can be increased by 
exchanges with the atmosphere. This process is proportional 
to the partial pressure of osygen in thc two systems so that 
the more osygen deficient the water becomes, the more 
rapid is the rate of replacement of oxygen in the water by 
atmospheric oxygen. Finally, mixing and dilution of the 
contaminated water with adjacent bodies of water could 
make additional oxygen available. XI1 of these variables 
must be considered in order to determine acceptable levels 
at  which nutrients present in sewage can be added to an 
aquatic environment. In fact, many polluted estuaries al- 

as a result of pollution by municipal sewage. 
The effects of ratios of elements discussed above have a 

very important bearing upon some of the methods of con- 
trol. For esample, the removal of phosphates alone from the 
sewage \vi11 have an effect upon the processes of over- 
enrichment only if phosphorus is indeed the element limit- 
ing production of organic matter. \\'hen nitrogen is limit- 
ing, as it is in New England coastal waters according to 
Ryther and Dunstan (1971),*13 the replacement of phos- 
phorus by nitrogen compounds, such as nitrilotriacetate 
(NT.4) could be more damaging to the ecosystem than con- 
tinued use of phosphate-lnsctl detergents. 

Pathogenic Microorganisms 

rpady Contria p.\c.aive zmonfits Qf thpe ferti!izifig c!ement_c 

The fecal coliform indes is the most widely used micro- 
biological indes of sanitary quality of an estuary. Fecal 
coliform indices represent a compromise between the ideal 
of direct determination of bacterial and viral pathogens in 
time-consuming laboratory procedures, and the indirect, 
less indicative but practical exigencies. Laboratory methods 
for quantitative enumeration of virus currently are being 
developed and their present status is one of promise, but 
more time is needed for their evaluation. Bacterial pathogen 
detection frequently requires special laboratory attention. 

Virus, in general, may exhibit considerably longer sur- 
vival tihes in water and shellfish as compared to fecal 
coliform bacteria. Under these circumstances a negative E. 
coli test can give a false impression of the absence of viral 
....+L,.,-..-~ /cr,.-,.+-,.+-i i n c c  r z ~ \ a - ~ - . . i r - - >  c+:r-- lnco.rli\ vu,"u5.-"J , " L U . . . - % r .  L.L u,. . J"4, I,IL,LLI,I a11u V L , L L . J  1 -.vu ,. 
Fecal coliform multiplication may possibly occur in pol- 
luted waters leading to further difficulties in interpreting 
sanitary quality. 

Disinfection of waste water by chlorine is effective in re- 
moving most pathogenic bacteria brit unpredictable in re- 
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ducing the number of viruses. Differences in resistance of 
bacteria and virus to chlorination may result in the appear- 
ance of infectious virus in treated effluents devoid of bac- 
teria. Failure to demonstrate the presence of viruses would 
be the best \cay to insure their absence, but such capability 
a\vaits development of methods adequate for quantitative 
enumeration of virus in water. 

The pollution of estuaries with waste products has led to 
the contamination of shellfish with human pathogenic 
bacteria and viruses. Outbreaks of infectious hepatitis and 
acute gastroenteritis derived from polluted shellfish have 
reinforced concern over the dangers to public health associ- 
ated with the pollution of shellfish waters. The seriousness of 
viral hepatitis as a world problem has been documented by 
Mosley and Kendrick (1 969) . 416  Transmission of infectious 
hepatitis as a consequence of sewage-polluted estuaries has 
occurred through consumption of virus-containing shellfish, 
either raw or improperly cooked. Nine outbreaks of infec- 
tious hepatitis have been attributed to shellfish (Liu 1 970).413 
Contamination of water by sewage leads to the closing of 
0) ster beds to commercial harvesting, denying puldic use 
of a natural resource and causing economic repercussions 
in the shellfish industry. (See the discussion of Shellfish in 
Section I on Recreation and Acsthetics.) 

Sludge Disposal into Marine Waters 

Dumping of savage sludge in the ocean continues and this 
practice, although at  present indispensable, constitutes a 
loss of one resource and potential danger for another. A 
study on the New York Right sludge and spoil dumping 
area has shown that an accumulation of toxic metals and 
petroleum materials appear to have reduced the abundance 
of the benthic invertebrates that normally rework the sedi- 
ments in a healthy bottom community (Pearce 1969).419 

Deep Sea Dumping 

Biological degradation of organic waste materials is gen- 
erally affected by micro-biota and chemophysical environ- 
mental factors. The  deep sea is increasingly considered for 
the disposal of organic waste materials. A recent study 
(Jannascli et al. 1971)409 has shown that rates of bacterial 
activity in degrading organic materials was slowed by 
about two orders of magnitude at  depths of 5,000 to 15,000 
feet as compared to samples kept a t  equal temperatures 
(38 F) in the laboratory. Since (a) the disposal of organic 
wastes should be designed on the basis of rapid decomposi- 
tion and recycling, and (b) there is no control of the pro- 
cesses following deep-sea disposal, this environment cannot 
be considered a suitable or safe dumping site. 

Potential Beneficial Uses of Sewage 

Light loads of either organic-rich raw sewage or nutrient- 
rich biological treatment (secondary) effluent increase bio- 
logical productivity. Except for short-term data on increased 
fish and shellfish production, beneficial effects have rarely 

been sufficiently documented, but at  the present time several 
active research programs are underway. Some degree of 
nutrient enrichment exists today in most estuaries close to 
centers of populations. These estuaries remain relatively 
productive and useful for fishing and recreation. Certain 
levels of ecosystem modification via organic and nutrient 
enrichment appear to be compatible with current water 
uses; however, subtle changes in ecosystems may be accom- 
panied by later, more extensive change. 

The possibility of intensive use of essential plant nutrients 
in waste material to increase the harvestable productivity 
of esiuarine coastal systems has been suggested as a logical 
way to treat sewage and simultaneously derive an economic 
benefit. Aquaculture systems would essentially be an ex- 
tension of the waste treatment process. Conceptually, aqua- 
culture is a form of advanced treatment. The  limiting factor 
involves problems presented by toxic synthetic chemicals, 
petroleum, metals, and pathogenic microorganisms in 
effluents of conventional biological treatment plants. 

Rationale for Establishing Recommendations 

I t  is conceptually dificult to propose a level of nutrient 
enrichment that will not alter the natural flora because 
seasonal phytoplankton blooms with complex patterns of 
specics succession arc an integral part of the ecology of 
estuarine and coastal waters. The  timing and intensity of 
blooms vary from year to year and patterns of species suc- 
cession a re  frequentl!. diffcrent in successive years. The  
highly productive and variable ecology of estuaries makes it 
dificult to differentiate between the early symptoms of arti- 
ficial nutrient enrichment and natural cyclic phenomena. 
In addition, there have already been major quantitative 
and qualitative changcs in the flora of marille waters close 
to centers of population. These changes are superimposed 
on the norniai paiiei-iij ofgic\vth ant! ma). zct i~ therr.~e!ves 
impair the recreational and commercial use of waters. 

Simulation modeling has been used to predict the total 
phytoplankton response to given nutrient inputs with succcss 
by O’Connor (1965)418 and DiToro et at. (1971)405 in the 
San Joaquin Estuary and by Dugdale and \\‘hitledge 
(1970)406 for an ocean outfall. Their models predict the 
phytoplankton response from the interaction of the kind 
and rate of nutrient loading and the hydrodynamic dis- 
persal rates. This technique, although not perfect, facilitates 
evaluation of the ecological impact of given nutrient loads, 
but does not help in deciding what degree of artificial en- 
richment is safe or acceptable. 

Recommendations 

Untreated or treated municipal sewage dis- 
charges should be recognized as a major source of 
toxic substances. Recommendations for these con- 
stituents will limit the amount of sewage effluent 
that can be dispersed into estuaries. Reduced 
degradation rates of highly dispersed materials 
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shouid be considered if the efluent contains re- 
fractory organic material. Undegradable synthetic 
organic compounds do not cause oxygen depletion 
but can still adversely affect the ecosystem. Main- 
tenance of dissolved oxygen standards will not pre- 
vent the potentially harmful buildup of these 
materials. Specific quantitative analyses should be 
done to identify and assess the abundance of these 
compounds. 

The addition of any organic waste to the ma- 
rine environment should be carefully.control1ed to 
avoid decomposition which would reduce the oxy- 
gen content of the water below the levels specified 
in the recommendations for oxygen. 

o Neither organic matter nor fertilizers should 
be added that will induce the production of organic 
matter by normal biota to an  extent causing an  
increase in the size of any natural anoxic zone in 
the deeper waters of an estuary. 

o The natural ratios of available nitrogen to 
.vLul ylluUKll~l uJ s : i U u ~  ut: ~ : V ' L ~ I U ~ L L ~ U  uiiuer each 
condition, and the element actually limiting plant 
production should be determined. Control of the 
amount of the limiting element added to the water 
will generally control enrichment. 

o If the maximum amounts of available nitrogen 
and phosphorus in domestic waste increase the 
concentration in receiving waters to levels of 50 
micrograms per liter of phosphorus and 360 micro- 
grams per liter of nitrogen, enough organic matter 
would be produced to exhaust the oxygen content 
of the water, a t  t he  warmest t h e  of the year !xx!er 
conditions of poor circulation, to levels below those 
recommended (see p. 275). These concentrations of 
nutrients are clearly excessive. 

o The potential presence of pathogenic bacteria 
and viruses must be considered in waters receiving 
untreated or treated municipal sewage effluents. 
The present quality standards for fecal coliform 
counts (see pp. 31-32) should be observed. The 
procedures for the examination of seawater and 
shellfish as recommended by Hosty et al. (197O)'OS 
should be used. 

o Disposal of sludge into coastal waters may ad- 
versely affect aquatic organisms, especially the 
bottom fauna. Periodic examination samples 
should determine the spread of such an  operation 
to aid in the control of local waste material loads. 
The probable transport by currents should be care- 
A u l 1 J  CullJ lu~~eU.  1 1 ~  Jumping of siudge into 
marine waters should be recognized as a temporary 
practice. 

o Disposal of organic wastes into the deep-sea is 
not recommended until further studies on their 
fate, their effect on the deep-sea fauna, and the 

- 
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controllability of such a procedure have been com- 
pleted. 

SOLID WASTES, PARTICULATE MATTER, AND 
OCEAN DUMPING 

Disposal of solid wastes has become one of the most ur- 
gent and difficult problems in crowded urban centers. 
Ocean disposal of these waste materials is receiving in- 
creased attention as land suitable for disposal becomes in- 
creasingly difficult to find. 

Solid wastes are of many types and each may have a 
different impact on the marine environment. Household 
and commercial rubbish as well as automobiles and sewage 
sludge are disposed of a t  sea. Industrial wastes may be 
either solid or dissolved material, of varying tosicity. Har- 
bor channels need continuous dredging, temporarily in- 
creasing the suspended sediment load, and the spoils often 
are dumped in coastal waters. Building rubble and stone 
also oftcn are placed in the sea. The  impact of disposal of 
these different materials into the ncean ..vi!! rznge frcm 
innocuous to seriously damaging. 

Particulate material is also discharged to the ocean by 
surface runoff, sewage outfalls, and storm sewers (hfuni- 
cipality of Metropolitan Seattle 1965).464 Much of this 
material settles to the bottom a t  or near the discharge site 
(Gross 1970).'43 An increasingly important method of dis- 
posal is that of barging solids offshore to be dumped in 
coastal areas. Table IV-IO shows compilation of the amounts 
of wastes barged to sea in 1968 on the Pacific, Atlantic, 
and Gulf Coasts (Smith and Brown 1969).476 

Dredge Spoiir 

Dredge spoils make up  a major share of sea disposal 
operations. Their composition depends upon the source 
from which they were obtained. Saila et al. (1 968)472 were 
able to differentiate between dredged spoil from Providcnce 
Harbor dumped offshore and sediments of the natural 
bottom in the dumping area (Rhode Island Sound). Gross 
(1970)443 suggests that dredge spoil generally consists of a 
mixture of sands, silts, and wastes which form the surface 
deposits in harbors. He compared minor element concen- 

TABLE ZV-Z&Oceon Dumping: Types and Amounts,  1968 

(In tons) 
WJSi8 lyp Allmtie 6uU RCiL Total 

Oredgs spoils .......................... 15.808.WO IS.sa).OW 1,320,000 24428.000 
Induslrial waslos.. ..................... 3.011.2MI 696,000 981.300 4,690,530 

0 4.471.000 Swags I d n  4.471.000 0 
Construction Jnd demolition debris. ...... 574,000 0 0 574.w 

26. ooo Solid wasto.. .......................... 0 
Fiplorires.. ........................... 15.200 0 0 I5.iQO 

......................... 

0 26.000 

- - - -  
lob1 ............................ Zl.MI.UI0 15,966,000 8.327.3rm U210.7W 

eOuDdl on EnrironmentalQua!ih 197W. 



trations in harbor sediments, dredged wastes, and conti- 
nental shelf sediments. The  median values of observed con- 
centrations were clearly different, although the ranges of 
concentrations overlapped. 

The  proportion of dredging spoils from polluted areas is 
illustrated in Table IV-I 1. 

A variety of coastal engineering projects involve changes 
in suspended loads and sedimentation (Ippen 1966,"' 
Wicker 1 965480). Because important biotic communities 
may inhabit the sites selected for these projects, conflicts 
arise concerning navigational, recreational, fisheries, con- 
servation, and municipal uses of the areas (Cronin et al. 
1969).436 Although our knowledge about the effects is 
limited and the literature is widely scattered, Copeland 
and Dickens (1 969)433 have attempted to construct a picture 
of how dredging affects estuarine ecosystems from informa- 
tion gathered in the upper Chesapeake Bay, Maryland, 
Redfish Bay, Texas, and an intracoastal canal in South 
Carolina. 

The  biological effects of suspended loads, sedimentation, 
dredging methods and spoil disposal may range from gross 
damage, such as habitat destruction and smothering, to 
more subtle effects under low but chronic conditions of 
sedimentation over long periods of esposure. The  channeli- 
zation, dumping of spoils, dredging, and filling in tlic Gulf 
Coast estuaries had destroyed roughly 200,000 acres of 
swamp, marsh, and bay bottom arcas by 1968 (Chapman 
1 968,432 Marshall 1 968459). 

Mistures of clays, silts, fine sands, and organic matter, 
sometimes referred to as "faunally rich muddy sand," tend 
to support larger benthic populations than coarse clean un- 
stable sands, gravels, or soft muds (Carriker 1967)43n over 
or through which locomotion may be difficult (Yonge 
1953).482 Close relationships exist between the presence of 
organic matter, the mechanical nature of sediments, and 
infaunal feeding habits (Sanders 1956,473 1958,474 McNulty 
et al. 1962,46' Brett cited by Carriker 196743n). 

Ten years after dredging Boca Ciega Bay invertcbrate 
recolonization of canal sediments (92 per cent silt and clay; 
3.4 per cent carbon) was negligible. None of 49 fish species 
caught in these canals (as compared to 80 species in un- 
dredged areas) was demersal, apparently because of the 
lack of benthic fish food organisms on or in the canal de- 

TABLE ZV-ll-Estimated Polluted Dredge Spoils 

Total spoils (in tons) Estimated percent 01 Total polluted spoils 
btrl mllulad Ipoilsa On tons) 

Atlantic Coast.. . . . . . . , . . . , . , . . ts.1108,OW 4s 7.tm.wo 
6uH Coast.. . . . . . . . . . . . . , , , . . , 
RNIC cost.. . . . . . . , , , . , , . . . 

tS.1DD.WO 
7.3m,wo 

31 
19 

4,710.0W 
l.S¶J.WO 

Total ...... .. .._. . . . . . .. 38,428,000 l4 13.250.WO 

a blimatss ol pollutsd drsdis spoils consider chlorine demand; BOO; COD: rolrtils solids; oil and ~TP~S;  

Council on Enrironmsntrl (Iwlity 1 9 7 0 1 ~ ~  
COmIbt iOnS of phosphorous, nilfaen, and iron; siliu content; and color and odor of tho spoils. 
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posits (Taylor and Saloman 1968).477 Breuer ( 1962)4?9 
noted that layers of dead oyster shell in South Bay corre- 
spondd  to layers of deposited spoil from dredging and re- 
dredging of the Brownsville Ship Channel. He thought that 
this suggested destruction of South Bay oyster populations 
with each dredging operation. 

Pfitzenmeyer (1970)470 and Flemer et al. (1967)A" noted 
a 71 per cent reduction in average number of individuals 
and a marked reduction in diversity and biomass in  a spoil 
area in upper Chesapeake Bay after dredging ccascd. One 
and one half years after dredging, the number of individuals 
and species diversity of the spoil disposal area, but not in 
the channel, were the same as those of the surrounding 
area. 

In  lower Chesapeake Bay, Harrison et al. (19G4)A4A ob- 
served a transitory effect of a dredging and spoil disposal 
operation on infauna. Resettlement of the drcdgccl and dis- 
posal areas was very rapid by active migration and hydro- 
dynamic distribution of juveniles. 

Mock (1967)4G3 noted that an unaltercd shorc i n  Clcar 
Lake, Tesas, produced 2.5 times more post larval and ju- 
venile brown shrimp (Prtrarrrs aelrrrts) and I4 timcs morc post 
larval and juvenile tchite shrimp (Poinrrrs sr/!frrrrs) than a 
similar bulkheadcd shore. In  a lalloratory study using simi- 
lar substratcs, jViIliams' ( 1  958)4s1 data suggc~tccl that the 
type of substrate may esert its influence through its cfTcct 
on availablc co\'er, although a contributing factor may be 
thc dirercnt food content of the substrate. 

Ba).lcss ( I  968)4?7 observed higher average hatchcs of 
striped bass cggs ( k f o ? o t ? r  sn.xalillis) on coarsc sancl (58.9 pcr 
cent) and a plain plastic pan (60.3 pcr cent) t h a n  on silt- 
sancl (21 per cent), silt-clay-sand (4 per cent) or muck 
detritus (none). These results tend to support hlnnsucti's 
(1 962)45s and Huet's ( 19G5)448 contention tha t  clcposition 
of suspended matter may interfere with or prcvcnt fish 
reproduction by destruction of demcrsai eggs i l l  uppec 
estuarine areas. 

Sewage Sludges 

Sewage sludges contain about 5 per cent solids \chich 
consist of about 55 per cent organic matter, 45 per cent 
aluminosilicates, and tend to contain concentrations of 
some heavy metals at least ten times those of natural sedi- 
ments (Gross 1970).443 

Sewage sludge has been dumped off Ne\\, York Harbor 
since 1924 in the same area. Studies by Pearce (1970a,"j5 
b)466 show that the normal bottom populations in an area 
of about I O  square miles have been eliminated and that the 
benthic community has been altered over an area ofapprosi- 
mately 20 square miles. Even the nematodes, unusually 
tolerant to pollution, are relatively scarce in thc smaller 
area. In  areas adjacent to the sewage sludge disposal area 
the sea clams have been found to be contaminated by 
enteric bacteria and the harvest of these clams in this area 
has been prohibited. The oxygen content of the water near 



the bottom i s  very low, less than 10 per cent of saturation 
in August, the warmest time of year. Chemical analysis of 
thc sludge deposits have shown not only high organic con- 
tent but also high concentrations of heavy metals and 
petrochemicals. In this area of the New York Bight, fin-rot 
disease of fish has been observed and is being investigated 
(Pearce 1970k~) . ' ~~  In  laboratory tests it has been shown 
that sludge deposits can cause necrosis of lobster (Homortts 
ontericnnits) and crab shells and tend to clog their gills so 
that survival of these species in contact with the sludge de- 
posits is vcr). brief. In  other laboratory esperiments, orga- 
nisms given a choice of substrate tend to avoid the sludge 
material in favor of the \valls of the container or other sur- 
faces that were made available (Pearce 1970b).4G6 These 
studies have indicated that the disposal of sewage sludge 
has' had disastrous ecological effects on the populations 
living on or near thc bottom. 

Many aspects associated with sludge dumping in the 
Sc\v York Bight require further investigation. I t  is not 
known, for esamplc, how much of the material being 
dumped there is accumulatin: and how much is being de- 
compojed. The  effects of heavy metals, of osygcn-demand- 
ing materials, and of other components are imperfectly 
understood. \\hen the rate of delivery of organic waste 
materials to an aquatic environment exceeds its capacity to 
rccovcr, tlic ratc of dcterioration can be rapid. If, or when, 
scwagc sludge disposal in this particular area of the Scw 
\'ork Bight is terminated btudics coulcl determine whether 
tlic bottom populations can repopulate the area. 

Solid Wastes 

TIic amount of household and commercial rubbish to be 
disposed of in the United States is about 5 Ibs per capita 
pcr day and is cspcctcd to increasc to 7-?4 Ibs per capita 
per day (for a larger population), b y  the end of the present 
dccaclc. Proposals havc Ixcn macle to collect and bale 
waste for transportation to the sea where i t  \\auld be 
dumped in waters 1000 i y t c r s  deep or more. It would be 
ncccssary that the Iiales be compacted to a densit!. greater 
than sea water so that they \voulcl sink, and that no loose 
floating objects would I x  released from the bale. Among 
the suggestions made is that the bales be wrapped in plastic 
to avoid any  leaching from the contents. 

Pearce ( 1971)'6s reports that bales of compacted garbage 
wrappccl in plastic and reinforced paper disintegrated in a 
few weeks ivhen placcd in \vater I O  to 20 meters deep off 
the coast of S e w  Jersey. Compacted bales of refuse were 
also anchored at  a depth of 200 meters off the Virgin Islands 
Pcarce ( I970c).d67 These were retrieved and inspected after 
approsimately three months of exposure. Little growth had 
occurred on the surface of the bales, but some polychaete 
worms had penetrated the bales to a depth of 2-3 cm., and 
the material \vithin the bale had decomposed to a limited 
extent. Relatively high counts of total coliform bacteria 
(96,000 h h s t  Probable Number, h4PN) and of fecal c o b  

forms (1,300 MPN) were found i;: materia!s retrieved from 
the interior of the bales, indicating prolonged survival or 
growth of these nonmarine forms and suggesting a possible 
hazard of introduction of pathogens to the sea. The eco- 
logical effects of disposing of these materials are inade- 
quatelj. known. 

Disposal of solid wastes, including dredging spoils and 
sewage sludge into the deep waters off the edge of the Conti- 
nental Shelf (more than 200 meters) has been frequently 
suggested as a way to protect the inshore biota. However, 
the rate of decomposition of organic material at  the high 
pressure and low temperature of the deep sea is very much 
slower than it would be at  the same low temperature at  
atmospheric pressure (Jannasch et al. 1971).440 The  orga- 
nisms in the dcep sea have evolved in an extremely constant 
environment. They are, therefore, unaccustomed to the un- 
usual stresses which confront organisms in more variable 
situations typical of coastal waters. Biologists interested in 
stud>ing the bottom populations of the deep sea are ex- 
tremely concerned about altering these populations before 
there is an opportunity to study them thoroughly. 

Industrial Wastes 

-4 wide variety of industrial waste is being dumped at 
sea. If this is discharged as a solution or slurry from a mov- 
ing ship or barge it will  be diluted in the turbulent wake 
and by the normal turbulence of the sea (Ford and Ketchum 
1952).'.'? The  recommendations for mixing zones (p. 231) 
and for the constituents of specific waste material included 
should be applied to each such operation. 

One such operation which has been estensively studied 

(Redfield and \\alford 1951,47' Ketchum et al. 1951,451 
\'acarro et al. 1972,4i5 \\iebe et al. in p e s s  1972479). Even 
though this disposal has proceeded for over twenty years, 
no adverse effects on the marine biota have been demon- 
strated. The  acid is rapidly neutralized by sea water and the 
iron is precipitated as nontosic ferric h!droside. This is a 
flocculant precipitate and the only accumulation above 
normal background levels in the sediments appears to be in 
the upper end of the Hudson Canyon, close to the specified 
dumping area. The  so-called "acid grounds" have become 
a favored area among local blue fishermen. More toxic 
materials \vould clearly present an entirely different set of 
problems. This illustrates the need for a rational approach 
to problems of ocean dumping. 

is dispcsa! Gf  acid-ircfi .*..?a::e. in >!?*a; \'crk Sigh: 

Other Solid Wastes 

Aiitnmnhily arc mmptimps r i i i m y i  a t  sea, and ~ n m ~  

work has been done on an  experimental basis in an effort 
to determine whether artificial reefs can be created from 
them to improve sport fishing. There is evidence that the 
number of fish caught over these artificial reefs is greater 
than over a flat level bottom, but i t  is not yet certain whether 
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this represents an aggregation of fishes already in the area 
or an  actual increase in productivity. 

Disposal of building rubble (brick, stone, and mortar) 
at  sea is not widely practiced. Presumably, this material 
could form artificial reefs and attract populations of fish, 
both as a feeding ground and by providing some species 
with cover. Obviously, the bottom organisms present would 
be crushed or buried, but Pearce (1970a,465 b)466 found no 
permanent detrimental effects in the building rubble dis- 
posal site off New York City. 

Suspended Particulate Materials 

I n  addition to specific waste disposal operations, sus- 
pended particulate material, seston, may be derived from 
other sources, and have a variety of biological effects. Par- 
ticulate material can originate from detritus carried by 
rivers, atmospheric fallout, biological activity, chemical re- 
actions, and resuspension from the bottom as a result of 
currents, storms, or dredging operations. The particles intro- 
duced by rivers can be rock, mineral fragments, and clay 
serving as a substrate for microorganisms or affecting light 
transmission in the water column. In  addition, organic 
matter fragments, which make up 20 to 40 per cent of 
particles in coastal waters (Biggs 1970,J?6 h4anlieim et al. 
19704j7) may comprise 50 per cent to 80 per cent of sus- 
pended material further offshore. Particle concentrations 
generally range from 1 to 30 mg/l in coastal waters to about 
0.1 to 1 mg/l at the surface in the open ocean. Higher con- 
centrations occur near the bottom. 

The  estimated yearly sediment load from rivers to the 
world oceans is estimated at  20 to 36 x I O s  tons \vi th  80 per 
cent Originating in Asia (Holraian 1968).44R hluch of this 
load is trapped in estuaries and held inshore 13). the general 
:aiidiyaic! dircc:ion =f s ~ b s ~ r f ~ c p  cnzsta! w r r r n t s  (Meade 
1969).46? Gross (1970)443 suggests that 90 per cent or more 
of particles originating from rivers or discharged to the 
oceans settles out a t  the discharge site or never leaves the 
coastal zone. 

Average seston values may more than double from natural 
causes during a tidal cycle. Biggs (1970)4?s observed con- 
centrations in the upper Chesapeake Bay ranging from less 
than 20 mg/l to greater than 100 mg/l during a single day. 
Resuspension of bottom'sediments by storm waves and cur- 
rents induced by wind were responsible for this range of 
concentrations. Masch and Espey (1 967)460 found that the 
total suspended material concentrations in Galveston Bay, 
Texas, ranged from 72 mg/l in the surface water of the 
ship channel to over 150 g/l six inches above the bay bot- 
tom near dredging operations. Normal background. concen- 
trations in Galveston Bay during times of strong wind action 
were 200 to 400 mg/l. Background values observed by 
,Mackin (1961)456 in Louisiana marshes ranged from 20 to 
200 mg/ 1. Depending on the amount of overburden, opera- 
tion times, and rate of discharges, Masch and Espey 

(1 967)460 recorded suspended fised solids concentrations in 
dredge discharges ranging from 3,000 to 29,100 mg/ 1. 

The basic relationships bet\veen physical and chemical 
aspects of suspended and deposited sediments and the re- 
sponses of estuarine and marine organisms are poorly under- 
stood (Sherk 1971).475 However, there is general agree- 
ment that particulate material in suspension or settling on 
the bottom can affect aquatic organisms both directly and 
indirectly, by mortality or decreased yield. 

Particles suspended in the water column can decrease 
light penetration by absorption and scattering and thus 
limit primary productivity. Resuspended sediments esert 
an osygen demand on the order of eight times that of the 
same material in  bottom deposits (Isaac 19G5)."' Jitts 
(1939)J5n found that 80 to 90 per cent of phosphate i n  solu- 
tion \vas absorbed by silt. suspensions ivhich might also 
modify the rate of primary production. Ho\\.c\:er, escliangc 
rates and capacity of sediment can maintain a favorable 
level of phosphate ( 1  micromolc,/l) for plant production 
(Pomeroy et a]. 19C15).'~~ Carritt and Goodgal (1954)'31 
postulated a mechanism for phosphate removal, transport, 
and regeneration by the sediment-phosphate sorption coni- 
ples at different temperatures, pH values, and salinities. 

Evidence tcnds to support thc contclltion t h a t  nutrient 
fertilization and possible release of tosic materials can occur 
with rcsuspcnsion of bottom material i n  the water column 
(Gross 1 970).'43 This may occur during drcdging, disposal 
and dumping operations: rcagitation during storms or 
floods and from bcach erosion. I n  uppcr Chcsapcakc Bay 
total phosphatc and nitrogen \\'ere olxervccl to increase 
over ambient levels by factors of 50 to 1,000 ncar an over- 
board spoil disposal project, but no gross effects \\.ere ob- 
served in samples inciil.)atcd with \vatcr from thc spoil 
effluent (Flemer et al. 19G7,441 Flemer 19704.'c'). 

Oyster and clam eggs and larvae demonstrate a rcmark- 
able ability to tolerate the variable turliiditics of thc estu- 
arine environment at  concentrations up to 4.0 g,/l (Carriker 
19G7,430 Davis and Hidu 196943s). Survi\ral and growth of 
these egg and larval stages reported by Davis (19G0)'37 
and Loosanoff ( 1962),45? however, indicated a significant 
effect on survival at suspended particle concentrations of as 
little as 125 mg/l.  Earlier lifc stages of the oyster tend to be 
more sensitive to loiver concentrations of suspended ma- 
terial than adults. However, the effects on survival and 
growth cannot wholly be attributed to particle sizes and 
conc&trations since different particle types may have 
markedly different effects at  similar concentrations. The  
adult American oyster (Ct.assos!rca uirginica) appears to be a 
remarkably silt-tolerant organism when not directly smoth- 
ered by deposited sediments (Lunz 1 938,454. 1 93245,5). Sig- 
nificantly, mortality of adult oysters \cas not evident with 
suspended sediment concentrations as high as 700 mg/1 
(hiiackin 1961),456 but there was a drastic reduction in 
pumping rates (57 ,per cent at 100 mg/l of silt) observed 
by Loosanoff and , Tommers ( 1948)453 and Loosanoff 
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( i  962452). Apparently adult oysters may pump at reduced 
rates throughout most of their lives when the background 
suspended particulate matter persists at  values observed by 
Biggs (1970)J23 and Masch and Espey (1967460). 

Organisms that colonize hard surfaces must contend with 
a sediment mat of varying thickness. M'hile motile fauna 
may be able to adjust to short range vertical bottom altera- 
tions from scour or deposition, ". . . the capacity and be- 
havior of less motile estuarine benthos in adjustment to 
relatively rapid fluctuations in the bottom level are little 
knoivn. Fixed epifauna, like oysters and barnacles, perish 
when covered by sediment, adjustment occurring only in- 
directly through later repopulation of the area from else- 
where" (Carriker 1967).J30 

The  highly variable nature of suspended loads (Biggs 
1 970),428 the resuspension of bottom accumulations by cur- 
rents, tidal action and wind, and the feeding and filtering 
activities of benthic organisms complicate the determination 
of threshold values or limiting conditions for aquatic or- 
ganisms. Data are difficult to compare because of differences 

understanding of sedimentation and the difiiculty in dis- 
tinguishinx bct\\.een the effect of light attenuation by sus- 
pended particles and the effects of these particles on growth 
and physiolony of estuarine and marine organisms (Muni- 
cipality of 1\lctropolitan Seattle 1965).464 The observed 
responses of oryanisms may not lie clue to turbidity or total 
suspcnclccl seclimcnt concentration, but to the number of 
particles, their densities, sizcs, shapes, types, presence and 
types of orqanic matter and the sorptive properties of the 
particles. 

Physical alterations in estiuarie~ 2nd c!Tshgr~ dumpin- "'3 

have hac1 obvious effects on estuarine and marine biological 
resources. These effects have been given little consideration 
in project planning, ho\\.ever, and little information esists 
conccrning the magnitude of biological change because few 
adequate studies have been attempted (Sherk 197 
Areas of high biological value, such as nursery grounds or 
habitats for commercially important species, must be pro- 
tected from sediment damage (Municipality of Metropoli- 
tan Seattle 1 965).464 For esample, the esceptionally high 
value of the Upper Chesapeake as a low salinity fish nursery 
area has been demonstrated (Dove1 1970).439 Larvae and 
eggs are particularly sensitive to environmental conditions, 
and sediment-producing activities in this type of area should 
be restricted to seasons or periods of least probable effects. 

Results reported from the study of this area, concerning 
seasonal patterns of biota, the nature of the sediments, and 
physical hydrography of the area, can be applied to the 
ui:ici aicas k i n g  considered for dredging, disposal, and 
dumping. These data, in addition to careful pre-decision 
surveys or research conducted at the site under considera- 
tion should provide a guide to efforts to minimize damage 
and enhance desirable features of the system (Cronin 
1970).43j 

.- - - .L- - l -  ..-.I - - - - - - -  ;., LII, , .L,Iuc,J all" appiuaL:ie~. T:ik iiiai- iiiilicaic a iacic oi 

Adequate knowledge of local conditions at  sites selected 
for any sediment-producing activity is essential, however. 
This will generally require preproject surveys for each site 
selected because knowledge of ecological impacts of these 
activities is limited. Data should be obtained on the 
". . . biological values of the areas involved, seasonal pat- 
terns of the biota, the nature of the sediments, physical 
hydrography of the area, and thc precise location of pro- 
ductive or potential shellfish beds, fish nursery areas and 
other areas of esceptional importance to human uses.. ." 
which are close to or in the site selected (Cronin 1970).435 

Appropriate laboratory experiments are also required. 
These should have value in predicting effects of sedimenta- 
tion in advance of dredging operations. Eventually, the 
results of these experiments and field observations should 
yield sets of environmental conditions and criteria, for ade- 
quate coastal zone management and competent guidance to 
preproject decision making (Sherk 1971).475 

The presence of major benthic resources (e.g., oyster 
beds, clam beds) in or near the selected area should be 
causc Cor estabiishment oi  a saiety zone or distance limit 
between them and the sediment-producing activity. This 
would control mortality caused by excessive deposition of 
suspended particulate material on the beds and prevent 
spread of spoil onto the beds from the disposal or dumping 
sites. Biggs (1970)423 found that the maximum slope of 
deposited spoil was 1 :IO0 and the average slope was 1 :500 
in the Upper Chesapeake. These slopes may prove useful in 
estimating safety zone limits on relatively flat bottoms. At 
times, the safety zone would have to be quite large. For 
esample, the areas in New York Bight which are devoid of 

dredging spoil disposal areas were attributed to tosins, low 
dissolved oxygen, and the spreading of the deposits (Pearce 
1 9 7 0 ~ 1 ) . ~ ~ j  The presence or absence of bottom currents or 
density flows should be determined (Masch and Espey 
1967).460 If these are present, measures must be taken to 
prevent transport of deposits ashore or to areas of major 
benthic resources. 

Tolerable suspended sediment levels or ranges should ac- 
commodate the most sensitive life stages of biologically im- 
portant species. The present state of knowledge dictates that 
the critical organism must be selected for each site where 
environmental modification is proposed. 

nZ:iiiZ!!j' G C C i i i i i i i g  bCiiihCX iii the Se\\'agc SiUdgC dIld 

Recomrnenda?ions 

The disposal of waste materials at sea, or the 
transport of materials for the purpose of disposal 
at sea should be controlled. Such disposal should 
be permitted only when reasonable evidence is pre- 
sented that the proposed disposal will not seriously 
damage the marine biota, interfere with fisheries 
operations or with other uses of the marine en- 
vironment such as navigation and recreation, or 
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cause hazards to human health and welfare. The 
following guidelines are suggested : 

0 Disposal a t  sea of potentially hazardous ma- 
terials such as highly radioactive material 
or agents of chemical or biological warfare 
should be avoided. 

0 Toxic wastes should not be discharged a t  sea 
in a way which would adversely affect the 
marine biota. The toxicity of such materials 
should be established by bioassay tests and 
the concentrations produced should conform 
to the conditions specified in the discussion 
of mixing zones (pp. 231-232). 

0 Disposal of materials containing settleable 
solids or substances that may precipitate out 
in quantities adversely affecting the biota 
should be avoided in estuarine or coastal 
waters. 

0 Solid waste disposal a t  sea should be avoided 
if floating material might accumulate in 
harbors or on the beaches or if such ma- 
terials might accumulate on the bottom or 
in the water column in a manner that will 
deleteriously affect deep sea biota. 

In connection with dredging operations or other 
physical modifications of harbors and estuaries 

which would increase the suspended sediment load, 
the following types of investigations should be 
undertaken : 

0 Evaluation of the range and types of parti- 
cles to be resuspended and transported, 
where they will settle, and what substratum 
changes or modifications may be created by 
the proposed activities in both the dredged 
and the disposal areas. 

0 Determination of the biological activity of 
the water column, the sediment-water inter- 
face, and the substrate material to depths 
which contain burrowing organisms. 

0 Estimation of the potential release into the 
water column of sediments, those substances 
originally dissolved or complexed in the 
interstitial water of the sediments, and the 
beneficial or detrimental chemicals sorbed 
or otherwise associated with particles which 
may be released wholly or partially after 
resu spension. 

0 Establish the expected relationship between 
properties of the suspended load and the 
permanent resident species of the area and 
their ability to repopulate the area, and the 
transitory species which use the area only a t  
certain seasons of the year. 
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Murine Biology, S .  hf. Xfarshall and A. P. Orr, eds. (Oliver and 
Boyd, London), pp. 25-49. 
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Modern agriculture increasingly depends upon the 
quality of its water to achieve the fullest production of 
domestic plants and animals and satisfy general farmstead 
needs. The quality of its water is important to modern 
agriculture not only in determining the productivity of 
plants and animals, but also as i t  affects the health and wel- 
fare of thc human farm population. 

Irrigation is one of the largest consumers of water for 
agricultural use. Differences in crop sensitivity to salinity 
and tosic substances necessitate the need for evaluating 
water quality criteria for irrigational purposes. Polluted 
watcr can tie clctrimental to animal health and to the safety 
and value of agricultural products. Good water quality is 
an important factor in the health and comfort of rural 
families nceding watcr for drinking, food preparation, 
bathing, and laundcring. 

Discussions of watcr quality rcquircments relate in  turn 
to problems of pollution poscd by urban, industrial, and 
Asi*icuiiiirLii \vCibics. Some naiuraiiy occuring constituents, 
prescnt i n  surface and groundwaters, can also advcrscly af- 
fect agricultural uses of water. Among these substances are 
suspended solids, dissolved organic and inorganic sulxtances, 
and living organisms such as toxic algae and organisms as- 
sociated with food spoilage. Where undcsirable natural or 
foreign substances intcrfere with optimum water use, man- 
agement and treatment practices must be implemented. 
Often there are simple but effective things that a farmer or 
rancher can do  to manage and improve the quality of his 
water supply. Although considerations of water supply 
management are important, such matters are beyond the 

scope of this section on Agricultural Uses of Water, which 
is restricted to the quality requirements of water for 
domestic and other farmstcad uses, for livestock, and for ir- 
rigation of crops. 

Farmsteads typically require water at  point of use, of 
quality equivalent to that demanded by urban populations, 
particularly for household uses, washing and cooling pro- 
duce, and production of milk. Water of such high quality is 
frequently not readily available to the farmstead and often 
can be obtained only through water treatment. In  the near 
future, water treatment facilities may be a routine installa- 
tion in any well-designed farmstead operation. I t  is not the 
purpose of this section to elaborate upon treatment alterna- 
tives, but satisfactory treatment possibilities do exist for 
producing from most raw water a supply that will satisfy 
the quality needed for most agricultural uses. 

The  task of evaluating criteria and developing recom- 
mendations is complicated by the need to consider numer- 
ous compiex interactions. For exampie, it is not practical 
to discuss water quality criteria for irrigation without con- 
sidering crop responses to climatic and soil factors and their 
interrelationships with water. Evaluation of water quality 
requirements for livestock drinking water is also compli- 
cated by interactions of such variables as the quantity of 
water consumed and an animal’s sex, size, age, and diet. I t  
should, therefore, be emphasized that evaluating criteria is a 
complex task, and that using the recommendations in this 
report made on the basis of those criteria must be guided by 
expert judgment. 
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GENERAL FARMSTEAD USES OF WATER 

This section considers quality requirements of water for 
use by the human farm population and for other uses as- 
sociated with agricultural operations exclusive of livestock 
production and crop irrigation. Included are water for 
household uses, drinking water, and water for preparing 
produce and milk for marketing. For these purposes finished 
water of quality at  least comparable to that intended for 
urban users is required at  point of use. 

Farmers and ranchers usually do  not have access to the 
large, well-controlled water supplies of most municipalities 
and typically must make the best use of available surface or 
groundwater supplies. But there are problems associated 
with the use of these waters, which often contain objection- 
able natural constituents. These may be classified as sus- 
pended solids, dissolved inorganic salts and minerals, dis- 
solved organic constituents, and living organisms, all of 
which occur naturally and are not introduced by man or as 
a result of his activities. 

Suspended solids are organic and inorganic particles 
found in water supplies. They include sand, which is com- 
mnn!y associated with well supplies, and silt and clay fre- 
quantly found in untreated surface waters. Dissolved in- 
organic salts and minerals are found in both surface and 
groundwaters. Most of these are soluble salts consisting of 
calcium, magnesium, and sodium with associated anions 
(i.e., carbonate, bicarbonate, sulfate, and chloride). Great- 
est concentrations are found in the waters of arid and semi- 
arid regions and in brackish waters along the sea coasts. In 
some western rivers total dissolved solids exceed 5,000 milli- 
grams per liter (mg/l), although many contain less than 
2,000 mg/l (Livingstone 1 963).24* Surface waters draining 
from areas high in organic materials such as swamps and 
bogs often contain dissolved organic constituents composed 
mainly of hydroxy-carboxylic acids (Lamar and Goerlitz 
1966,21 Lamar 196820) that impart a yellow or brown color 
to the water. Coloration often ranges from 100 to 800 
platinum cobalt units compared to the 15 recommended by 

the federal Drinking Water Standards (Environmcntal 
Protection Agency 1972").t Living organisms i n  standing 
bodies of water that impart objectionable odors and tastes 
for human consumption include algae, diatoms, and proto- 
zoa. 

Because these constituents even in a properl!. protected 
supply of raw water used on farmsteads cause water quality 
that does not satisfactorily approximate the quality of 
potable water, it may be necessary to resort to water treat- 
ment. The  wide range of quality characteristics associated 
with raw agricultural water supplies is matched by a tiroad 
range of water treatment methods. h4icrobial contaminants 
such as pathogenic or food spoilage bacteria, often present 
in surface waters, indicate that treatment is required to pro- 
duce suitable water supplies. Treatments available include 
the use of halogens or sodium hypochlorite (Bauman and 
Ludwig 1962,5 Black et al. 1965,7 Kjellander and Lund 
1965,17 Water Systems Council 1965-1966," Oliver 1 966,3n 
Laubusch 1971 22), ozone (O'Donovan 1965),'" si l \w 
(Shaw 1966,3? Behrman 19686), ultraviolet sterilization 
(Kristoffersen 1958,19 Huff et al. 196514), and heat (Shaw 
1966)32. Reviews of some of the problems associated with 
farmstead water supplies and possible methods of treatment 
are given by Wright ( 1956),42 Davis ( 1960),s Malaney et al. 
( 1962),26 James ( 1965),15 Water Systems Council ( 1  965- 
1966),4' Elms ( 1966),1° Kabler and Kreissl ( 1966),l6 Stover 
( 1966),33 and Atherton (1970).? Farmers, however, should 
seek expert advice in selecting from various treatment alter- 
natives in order to achieve the desired quality of finished 
water. 

A troublesome aspect of water quality for general farm- 
stead uses, particularly regarding the handling of produce 
and milk, ixivolves nonpathogenic bacterial contaminants. 
Many such microorganisms including algae are found even 
in properly protected agricultural water supplies (Thomas 
1949,34 Walters 1964),40 and various kinds contribute to 
problems of color, odor, taste, and to rapid spoilage of con- 

* Citations are listed at the end of the Section. They can be located 
alphabetically within subtopics or by their superscript numbers which 
run consecutively across subtopics for the entire Section. 

t Throughout this report, all references to the federal Drinking- Water 
Standards are to those published by the Environmcntnl Pro- 
tection Agency, 1972." 
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taminated products (American Water Works Assoc. Com- 
mittee on Tastes and Odors 1970,' Mackenthun and Keup 
I 97O).Z5 For esample, offensive odors are often attributable 
to SLllfate-reducing bacteria (Lewis 1 965).23 Victoreen 
(1 969)m discussed water coloration probloms caused by 
Artlirobacler, a species of soil bacteria. Growths of "iron 
bacteria" in pipes may result in slimy masses that clog 
pipes and producc undesirable flavors (Kabler and Kreissl 
1966).16 Ropy milk, i.e., milk that forms threads or viscous 
masses when poured or dipped, is a typical problem often 
attributable to contaminated water (Thomas 1949,34 Davis 
1 96OS). 

Psychrophilic bacteria can affect the storage quality of 
milk and other food products (Davis 1960,8 Malaney et al. 
1962,?'j Ayres 1963,4 Thomas et al. 1966).36 Similarly, 
thermoduric microorganisms are a problem in some farm- 
stead water supplies, since they can withstand milk pas- 
teurization temperatures and lead to spoilage (Thomas 
1949,34 Davis 1960,s Malaney et al. 1962).26 Numerical 
recommendations for permissible levels of these and other 
nonpathogenic organisms have iittie current useiuiness, 
because approximately I70 species of bacteria are known to 
occur in raw water supplies, and only half of them are ob- 
served during routine bacteriological examinations (Thomas 
1949,34 Malaney et al. 1962?"). Similarly minimal contami- 
nation of perishable raw food materials with small residues 
of rinse water or splash can result in rapid growth under 
suitable temperature conditions to cause early spoilage of a 
high quality product. 

Malaney et al. (1962)?'j stated that simple, commonly 
used water trcatmcnt processes render raw water supplies 

and milk. 

WAVER FOR HOUSEHOLD USES AND DRINKIN6 

s~itab!e fer f3rmste.d uses inc!~di!?rr hinrll;nn & pr~duce  
5 ----*-----e 

Every farm should have a dependable water supply that 
is palatable and safe for domestic use. This requirement 
dictates that the finished water be of quality comparable to 
that designated by the federal Drinking Water Standards 
for water supply systems used by interstate carriers and 
others subject to federal quarantine regulations. These 
standards have been found to be reasonable in terms of both 
the possibility of compliance and the acceptability of such 
water for domestic farmstead uses. 

Groundwater sources are generally regarded as providing 
a more dependable supply and as being less variable in 
composition than surface water sources. However, many 
groundwater supplies contain excessive concentrations of 
soluble salts composed of calcium, magnesium, and associ- 
ated anions (carbonate, bicarbonate, suiiate, and chioridej, 
or hydrogen sulfide. They can cause taste, odor, acidity, 
and staining problems (Wright 1956,42 Dougan 1 966,9 
Kabler and Kreissl 1966,16 Klumb 1966,18 Behrman 196P). 
I n  the ground waters of western states high concentrations 
of nitrates may occur. Levels may exceed the concentration 

of IO mg/l of nitrate-nitrogen recommended by Section I1 
on Public Water Supplies. 

Because all supplies are subject to contamination, care 
must be exercised in both the installation and maintenance 
of water systems. Raw water should be free of impurities 
that are offensive to sight, smell, and taste (Wright 1956)42 
and free of significant concentrations of substances and 
organisms dctrimental to public health (see Section 11). 

WAVER FOR WASHING AND COOLIN6 RAW 
FARM PRODUCVS 

Many root crops, fruits, and vegetables are washed 
before leaving the farm for the market. Changes in fruit 
production associated with mechanical harvesting and bulk 
handling and an ever-increasing emphasis on quality have 
made the washing and hydrocooling of raw produce a 
common farm practice. Water for such uses should be of 
the same quality as that for drinking and household pur- 
poses, and as such should conform to Drinking Water 
Standards. I t  is important that water for processing raw 
produce be of good quality bacteriologically (Geldreich 
and Bordner 1971)13 and free of substances imparting color, 
off-flavor, and off-odor (Mercer 1971).27 

WAVER FOR WASHING MILK-HANDLING 
EQUIPMENT AND COOLIN6 DAIRY PRODUCVS 

\Vater used to clean milk utensils may greatly affect the 
quality of milk (Atherton et al. 1962),3 and since modern 
methods of milk production require large volumes of 
water, its quality must not be detrimental to milk. Stead- 
ily increzsifirr rlemanrlc fer water ~ I J C  tn intensified a.gri- 
cultural production have required many farm operators 
to develop secondary sources of water often of inferior 
quality (Esmay et al. 1955,12 Pavelis and Gertel 1963).3' 
Such supplies should be treated before use in milk-handling 
equipment (Thomas 1949,34 Thomas et al. 195337). 

The Grade "A" Pasteurized Milk Ordinance of the 
United States Public Health Service (U.S. Department of 
Health, Education, and Welfare. Public Health Service 
1965)38 is accepted as the basic sanitation standard for raw 
milk supplies. Farm water supplies may meet these potable 
standards yet have a detrimental effect on the quality of 
modern milk supply. Rinse waters which are potable but 
contain psychrophylic microorganisms, excessive hard- 
ness, or iron or copper can have a very deleterious effect on 
dairy sanitation and milk quality unless properly treated to 
remove such contaminants (Davis 1960,8 Atherton et al. 
1962,3 Atherton 1970,? Moore 197Iz8). The traditional con- 
cepts o i  potabiiity ana soitness no ionger suiiict: in i i i i b  cId ul' 
mechanized milk-handling systems. Lengthy storage of raw 
milk prior to pasturization and the possible breakdown of 
normal milk constituents by organisms able to grow a t  
refrigeration temperatures may produce unacceptable 
changes in the quality of fluid milk or other manufactured 
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General Farmstead Uses of lliater/3Q3 

dairy products (Thomas 1958,s5 Davis 1960,8 Thomas et al. 
1966s6). 

Water of quality comparable to that described in Drink- 
ing Waxer Standards typically suffices for the production of 
milk. However, it is important that the water at point of 
use be clear, colorless, palatable, free of harmful micro- 
organisms, noncorrosive, and nonscale-forming (Moore 
197 1).28 

Recommendations 

For general farmstead uses of water, including 
drinking, other household uses, and handling of 

produce and milk, it  is recommended that water 
of the quality designated by the federal Drinking 
Water Standards be used. Raw water supplies not 
meeting these requirements should be treated to 
yield a finished product of quality comparable to 
drinking water. In general, raw waters should be 
free of impurities that  are offensive to sight, smell, 
and taste. At point of use, they should be free of 
significant concentrations of substances and orga- 
nisms harmful to public health (see Section 11: 
Public Water Supplies) and detrimental to the 
market value of agricultural products. 
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Domestic animals represent an important segment of 
agriculture and are a vital source of food. Like man and 
many other life forms, they are alfectcd by pollutants in 
their environment. This section is concerned primarily 
\\.itti considerations of livestock water quality and factors 
affccting i t .  Thcsc includc the presence of ions causing ex- 
cissivz ~ A i i i ; i ! ,  ciciiictits and ions wnicn are toxic, bio- 
logically procluced toxins, radionuclides, pesticide residues, 
and pathogenic and parasitic organisms. 

Of importance in clctermining recommendations for these 
substances in  livcstock water supplics are the quantity of 
water an animal consumes per day and the concentration 
of the mineral elcnicnts i n  thc watcr supply from which he 
consumes it. \Vater is universally nccdcd and consumed by 
farm animals, but i t  does not account for their entire daily 
intake of a particular substancc. Consequently, tolerance 
lcvels established for many substances in livestock feed do  
not acctrratcl!. t n k p  intn cnr1zlrlcr2!in!? !!?e to!cr?nce !c:y!s 
for those substances in water. Concentrations of nutrients 
and toxic substances in water affect an animal on the basis 
of the total amount consumed. Bccausc of this, some assess- 
ment of the amounts of water consumed by live-stock on a 
daily basis and a knowledge of the probable quantity of d e -  
merits in water and how they satisfy daily nutritional re- 
quirements are needed for determining possible toxicity 
levels. 

WATER REQUIREMENTS FOR LIVESTOCK 

The water content of animal bodies is relatively constant: 
68 per cent to 72 per cent of the total weight on a fat-free 
basis. The  level of water in the body usually cannot change 
appreciably without dire consequences to the animal; 
therefore, the minimal requirement for water is a reflection 
of water excreted from the body plus a component for 
growth in young animals (Robinson and McCance 1952,j3 
I r l l l L l l C l I  I YUL '"). 

\Vater is excreted from the body in urine and feces, in 
evaporation from the lungs and skin, in sweat, and in pro- 
ductive secretions such as milk and eggs. Anything that 
influences any of these modes of water loss affects the mini- 
mal water requirement of the animal. 

. r.r-,. - 9 1  . n r m a e \  
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The urine contains the soluble products of metabolism 
that must be eliminated. The amount of urine excreted 
daily varies with the feed, work, external temperature, water 
consumption, and other factors. The hormone vasopressin 
(antidiuretic hormone) controls the amount of urine by 
affecting the reabsorption of water from the kidney tubules 
and ducts. Under conditions of watel scarcity, an animal 
may concentrate its urine to some extent by reabsorbing a 
greater amount of water than usual, thereby lowering the 
animal's requirement for water. This capacity for concen- 
tration, however, is usually limited. If an  animal consumes 
excess salt or a high protein diet, the excretion of urine is 
increased to eliminatc thc salt or the end products of pro- 
tein metabolism, and the water requirement is thereby 
increased. 

The amount of water lost in the feces varies depending 
upon diet and species. Cattle, for instance, excrete feces 
..A1ll ii , , I s , ,  I I I&tutc Lullteiii ivl i i l t  dicep, i turxs,  and 
chickens escrcte relatively dry feces. Substances in the diet 
that have a diuretic effect will increase water loss by this 
route. 

\\rater lost by evaporation from the skin and lungs (in- 
sensible water loss) may account for a large part of the 
body's water loss approaching, and in some cases exceeding, 
that lost in the urine. If the environmental temperature is 
increased, the water lost by this route is also increased. 
Water lost through sweating may be considerable, especially 
in the case of horses, depending on the environmental tem- 
perature and the activity of the animal. 

All these factors and their interrelation make a minimal 
water requirement difficult to assess. There is also the ad- 
ditional complication that a minimal water requirement 
does not have to be supplied entirely by drinking water. 
The animal has available to it the water contained in 
feeds, the metabolic water formed from the oxidation of 
nutrients, water liberated by polymerization, dehydration, 
or synthesis within the body, and preformed water associ- 
ated with nutrients undergoing oxidation when the energy 
balance is negative. All of these may vary. The water 
available from the feed will vary with the kind of feed and 
with the amount consumed. The  metabolic water formed 

... :+h l.:,-l. --.- A..-- ---- 



from the oxidation of nutrients may be calculated by the use 
of factors obtained from equations of oxidation of typical 
proteins, fats, and carbohydrates. There are 41, 107, and 
60 grams (g) of water formed per 100 g of protein, fat, and 
carbohydrate oxidized, respectively. In fasting animals, or 
those subsisting on a protein deficient diet, water may be 
formed from the destruction of tissue protein. In general, it 
is assumed that tissue protein is associated with three times 
its weight of water, so that per gram of tissue protein 
metabolized, three grams of water are released. 

I t  has been found by careful water balance trials that the 
water requirement of various species is a function of body 
surface area rather than weight. This implies that the re- 
quirements are a function of energy metabolism, and 
Adolph ( 1933)43 found that a convenient liberal standard of 
total water intake is 1 milliliter (ml) per calorie (cal) of heat 
produced. This method automatically included the in- 
creased requirement associated with activity. Cattle require 
somewhat higher amounts of water ( I  .29 to 2.05 g/cal) than 
other animals. However, when cattle's large excretion of 
water in the feces is taken into account, the values are ap- 
proximately a gram per calorie. 

For practical purposes, water requirements can be meas- 
ured as the amount of water consumed voluntarily under 
specified conditions. This implies that thirst is a result of 
need. 

Water Consumption of Animals 

In dry roughage and concentrate feeding programs the 
water present i n  the feed is so small relative to the animal's 
needs that i t  may be ignored (Winchester and Morris 
1956) . 5 5  

Data calculated by Winchester and Mor- 
ris ( 1956)55 indicated that values for water intake vary 
widely depending primarily on ambient iclrlprr diu1 C sild 
dry matter intake. European brceds consumed approsi- 
mately 3.5, 5.3, 7.0, and 17 liters of water daily per kilo- 
gram (kg) dry matter ingested at 40, 70, 90, 100 F, respec- 
tively. Thus at  an atmospheric temperature of 21 C (70 F), 
a 450 kg steer on a 9.4 kg daily dry matter ration would 
consume approximately 50 liters of water per day, while at  
32 C (90 F) the expected daily water intake would be 66 
liters. 

Dairy Cattle. The calculations of Winchester and 
Morris ( 1  956)55 showed how water requirements varied 
with weight of cow, fat content of milk, ambient tempera- 
ture, and amount needed per kilogram of milk daily. These 
investigations indicated that at  21 C (70 F) a cow weighing 
approximately 450 kg would consume about 4.5 liters of 
water per kilogram dry feed plus 2.7 I/kg of milk produced. 
Dairy heifers fed alfalfa and silage obtained about 2 0  per 
cent of their water requirements in the feed. Dairy cattle 
suffer more quickly from a lack of water than from a 
shortage of any other nutrient and will drink 3.0 to 4.0 kg of 
water per kilogram of dry matter consumed (National Re- 

Beef Cattle. 

Water for Livestock Enler)rises,i305 

search Council, Committee on Animal Nutrition, hereafter 
referred to as KRC 1971a).52 COWS producing 40 kg of milk 
per day may drink up  to 110 kg of water when fed dry 
feeds. 

Generally water consumption by sheep amounts 
to two times the weight of dry matter feed intake (KRC 
1968l1).~l But many factors may alter this value, e.g., 
ambient temperature, activity, age, stage of production, 
plane of nutrition, composition of feed, and type of pasture. 
Ewes on dry feed in winter require four liters per head 
daily before lambing and six or more liters per day when 
nursing lambs (htorrison 1 959).48 

Pigs require 2 to 2.5 kg of water per kilogram 
of dry feed, but voluntary consumption may be as much as 
4 to 4.5 kg in high ambient temperature (NRC 1968a).50 
Mount et al. (1971)49 reported the mean water.feed ratios 
were between 2.1 and 2.7 at temperatures between 7 and 
22 C, and between 2.8 and 5.0 at 30 and 33 C. The  range 
of mean water consumption extended from 0.092 to 0.184 
l/kg body weight per day. Leitch and Thomson (1944)4j 
cited studies that demonstrated that a water-to-mash ratio 
of 3: 1 gave the best results. 

Leitch and Thomson (1944)'j cited data that 
horses needed two to three liters of water per kg dry ration. 
Morrison (1936)" obtained data of a horse going at a trot 
that gave off 9.4 kg of water vapor. This amount was 
nearly t\vice that given off when walking w i t h  h e  same 
load, and more than three times as much as when resting 
during the same period. 

James and Wheeler ( 1949)44 observed that 
more water was consumed by poultry when protein was 
increased in the diet; and more water was consumed with 
meat scrap, fish rnral, arld dried whey dicts than with an 
all-plant diet. Poultry generally consumed 2 to 3 kg of 

that when laying hens, a t  67 percent production, were de- 
prived of water for approximately 36 hours, production 
dropped to eight per cent within five days and did not re- 
turn to the production of the controlled hens until 25-30 
days later. Sunde (personal communication 1971)56 prepared a 
table that showed that broilers increased on daily water 
consumption from 6.4 to 21 1 liters per 1,000 birds between 
two and 35 days of age, respectively. Corresponding water 
intake values for replacement pullets were 5.7 to 88.5 liters. 

Sheep. 

Swine. 

Horses. 

Poultry. 

-..-*-- -a- L:l-grzfi =f ",I, f e d  
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RELATION OF NUTRIENT ELEMENTS IN WATER 
TO TOTAL DIET 

All the mineral elements essential as dietary nutrients 
occur to some extent in water (Shirley 1970).66 Generally 
the elements are in solution, but some may be present in 
suspended materials. Lawrence ( 1  968p9 sampled the Chat- 
tahoochee River system at six different reservoirs and river 
and creek inlets and found about I ,  3 ,  22 ,  39, 61, and 68 
per cent of the total calcium, magnesium, zinc, manganese, 

. 



. copper, and iron present in suspended materials, respec- 
tively. Any given water supply requires analysis if dietary 
decisions are to be most effective. 

I n  the Systems for Technical Data (STORET) .of the 
Water Programs Office of the Environmental Protection 
Agency, data ( 1971)69 were accumulated from surface 
water analyses obtained in the United States during the 
period 1957-1969. These data included values for the 
mean, maximum, and minimum concentrations of the 
nutrient elements (see Table V-I). These values obviously 
include many samples from calcium-magnesium, sulfate- 
chloride and sodium-potassium, sulfate-chloride type of 
water as well as the more common calcium-magnesium, 
carbonate-bicarbonate type. For this reason the mean 
values for sodium, chloride, and sulfate may appear some- 
what high. 

Table V-2 gives the estimated average intake of drinking 
water of selected categories of various species of farm ani- 
mals expressed as liters per day. Three values for each of 
calcium and salt are given for illustrative purposes. One 
column expresses the National Academy of Sciences value 
for daily requirement of the nutrient per day; the second 
gives the amount of the element contributed by the average 
concentration of the element (calculated from data in 
Table V - I )  in the average quantity of water consumed 
daily; the third column gives the approximate percentage 
of the daily requirements contributed by the water drunk 
each day for each species of animal. 

Magnesium, calculated as in Table V-2, was found to be 
present in quantities that would provide 4 to 1 I per cent of 
the requirements for beef and dairy cattle, sheep, swine, 
nnutac>, t r r ~ ~ n c r i a ,  atid i u i k y s .  

Cobalt (Co) concentrations obtained by Durum et al. 
( 1971)58 were calculated, as they were more typical of water 
available to livestock than current values reported in 
S T O R E T  (1971).'j9 A sufficient amount of Co was present 
a t  the median level to supply approximately three to 13 

1. L:-l-^--  

TABLE V-I-Woter Composition, United Stotes,  1957-69 
(STORET) (Collected ut  140 stotions) 

Substam maan Maximum Minimum No Dobn 

Phosphms, mfl... . .  .............. 
Calcium. mn/l...... ................ 
blagnaium.mp/l.__._._ ............ 
sodium. mp/t  ...................... 
Pnbssium. mwl.. .................. 
Chtorido. myl . .  ................... 

COgPa.&'l.. ..................... 
lron,pg/l .......................... 
blangnero.Wl. .  ................. 
?jm*pg/l. ......................... 
Selocuum.4. .  ................... 
todiD3D. MA.. ..................... 
cobanb,ryi... .................... 

O.OQ7 
n. 1 
14.3 

4.3 
418.0 
135.9 
13.8 
43.9 
29.4 
51.8 
0.016 

46.1 
1.0 

n. 1 

5.0 

137.0 
7.500.0 

19.wo.o 
3 .30 .0  

2w.o  
4.6W.O 
3.230.0 
1 . 1 ~ . 0  

1.0 
336.0 

5.0 

1n.o 

370.0 

0.001 1.129 
11.0 510 
8.5 1.143 
0.2 1 ,601  
0.06 1.804 
0. om, 37 ,uS  

0.0 1.871 
8.10 1 . E  
o. 20 1.818 
1.0 1.W 
0.01 234 
4.0 I5 
6. om, 720 

0.m m.m 

Danhman and Brefand (197Op. 
b Durum oi a i  ( 1 9 7 1 ) ~  

TABLE V-2-Doily Requirements of Average Concentrotions 
of Calcium ond Soft in Water for Vurious Animofs 

Calcium sand 
Daily 

AIliKlal rntcr Averagng Appoi AmLiw Percontap 
intako. I Rquiredb a m 1  in percentago Rqniredb drinking 01 R e g  in 

dailygm drinking 01 Rq. in  dailygm watn.gm watrr 
water. gm walcr 

8mJ attlo 450 kg body wt 
Nursing cow. .............. 
Finishing s l m . ,  . , , , , , , , . , , 

laclaling (011.. ............ 
Growing heilu ............. 
Maintenanco. (011. _.. , , , , , , 

lactating wo. 64 kg. ....... 
Fattening lamb. 45 kg _ _ _ .  , . . 

Growing.30 kE ............. 
Fattening. 60 l o  IC0 kg.. .... 
laclating sows. 200-250 k# .  . 

Medium work .............. 
laclatin:. ................. 

Chickens. 8 weeks old.. ..... 
laying hen. ............... 
Turksy.. .................. 

Dair) anle 450 kg bndy wt 

Sheep 

Swim 

Harms 43 kg body rrt 

Poultry 

60 20 3.4 12 25 0.1 34 
60 21 3.4 16 24 8.5 I5 

SO 76 5.1 7 66 12.7 19 
60 15 3.4 22 21 8.5 44 
60 I2 3.4 20 21 11.5 a 

6 6.8 0.1 5 13 0.9 7 
4 1.1 0.2 1 IO 0.6 6 

6 10.2 0.34 3 4.3 0.M 20 
8 16.5 0.46 1 4.3 1.12 26 

14 33.0 0.80 2 28.0 1.96 7 

5.6 6 UI 14 2.3 
50 30 2.9 10 so 7.1 8 

0.2 1.0 0.011 1 0.1 0.03 8 
0.2 3.4 0.011 < I  0.44 0.03 6 
0.2 1.2 0.011 1 0.38 0.03 8 

16 SO 

a See discussion on Water Consumption in lerllor sources 01 these values. 
b Sources 01 values are the NaliONl Aademy 01 Sciences. NRC Bulletins on Nutrient requiremenlr 

Calculated from Table 1. 
d Based on sodium in water. 

per cent of the dietary requirements of beef and dairy cattle, 
sheep, and horses. The  NRC (1971a,65 1968b6') does not 
state what the cobalt requirements were for poultry and 
swine. 

Sulfur values demonstrated that approximately 29 per 
cent of beef cattle requirements were met at average con- 
centrations; dairy cattle 21 to 45 per cent; sheep 10 to 11  
per cent; and horses 18 to 23 per cent of their requirements. 
The  NRC ( 1971a,65 1968b6') do  not give sulfur requirements 
for poultry and swine. 

Iodine was not among the elements in the STORET 
accumulation, but values obtained by Dantzman and 
Breland ( 1  970)57 for 15 rivers and lakes in Florida can be 
used as illustrative values. Iodine was present in sufficient 
amounts to exceed the requirements of beef cattle and 
nonlactating horses and to meet 8 to 10 per cent of the 
requiremhnts of sheep and 24 to 26 per cent of those of hens. 
Phosphorus, potassium, copper, iron, zinc, manganese, and 
selenium, when present at  mean concentrations (Table V-I), 
would supply daily only one to four per cent or less of that 
recommended by the NRC ( 1966,60 1968a,61 1968b,62 1970:63 
1971a,64 1971be5) for beef and dairy cattle, sheep, swine, 
horses, and poultry at  normal water consumption levels. 

If the maximum values shown in Table V-1 are present, 
some water would contain the dietary requirements of some 
species in the case of sodium chloride, sulfur, and iodine. 
Appreciable amounts of calcium, copper, cobalt, iron, 
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manganese, zinc, and selenium would be present, if water 
were suppli'ed with the maximum levels present. G n  the 
other hand, if the water has only the minimum concentra- 
tion of any of the elements present, it would supply very 
little of the daily requirements. 

It is generally believed that elements in water solution 
are available to the animal that consumes the water, at  
least as much as when present in solid feeds or dry salt 
mixes. This was indicated when Shirley et al. (1951,67 
195768) found that P32 and Ca45, dissolved in aqueous solu- 
tion as salts and administered as a, drench, were absorbed at 
equivalent levels to the isotopes, when they were incor- 
porated in forage as fertilizer and fed to steers, respectively. 
Many isotope studies have demonstrated that minerals in 
water consumed by animals are readily absorbed, deposited 
in their tissues, and excreted. 

EFFECT O F  SALINITY ON LIVESTOCK 

It  is well known that excessively saline waters can cause 
physiolcgical upset or death of livestock. The  ions most 
commonly invoh ed in causing excessi,ve salinity are calcium, 
magnesium, sodium, sulfate, bicarbonate, and chloride. 
Others may contribute significantly in unusual situations, 
and these may also exert specific toxicities separate from the 
osmotic effects of excessive salinity. (See Toxic Elements 
and Ions below.) 

Early in this century, Larsen and Bailey (1913)8" re- 
ported that a natural water varying from 4,546 to 7,369 
mg/l of total salts, with sodium and sulfate ions predomi- 
nating, caused mild diarrhea but no symptoms of toxicity in 
dairy cattle over a two-year period. Later, Ramsay (1924)91 
reported from his observations that cattle could thrive on 
water containing 11,400 mg/l of total salts, that they could 
1.. I;-,.- " -*nrlpr -..- "- certain --_ --_-- rnnrlitinns nn water containing 17,120 
mg/l, and that horses thrived on water with 5,720 mg/l 
and were sustained when not worked too hard on water 
with 9,140 mg/l. 

The first extensive studies of saline water effects on rats 
and on livestock were made in Oklahoma (Heller and Lar- 
wood 1930,76 Heller 1932," 1933).75 Rats were fed waters 
of various sodium chloride concentrations, and it was found 
among other things that (a) water consumption increased 
with salt concentration but only to a point after which the 
animals finally refused to drink until thirst drove them to it, 
at which time they drank a large amount at one time and 
then died; (b) older animals were more resistant to the ef- 
fects of the salt than were the young; (c) the effects of salin- 
ity were osmotic rather than related to any specific ion; 
(d) reproduction and lactation were affected before growth 
effects were noted; (e) there appeared, in time, to be a 
physiological adjustment to saline waters; and ( f )  15,000- 
17,000 mg/l of total salts seemed the maximum that could 
be tolerated, some adverse effects being noted at  concen- 
trations lower than this. With laying hens, 10,000 mg/l of 

sodium chloride in the drinking water greatly delayed the 
onset of egg production, but 15,000 mg/l or more were re- 
quired to affect growth over a IO-week period. In  swine, 
15,000 mg/l of sodium chloride in the drinking water 
caused death in the smaller animals, some leg stiffness in 
the larger, but 10,000 mg/l did not appear particularly in- 
jurious once they became accustomed to it. Sheep existed 
on water containing 25,000 mg/1 of sodium or calcium 
chloride or 30,000 mg/l of magnesium sulfate but not with- 
out some deleterious effects. Cattle were somebvhat less re- 
sistant, and i t  was concluded that 10,000 mg/l of total salts 
should be considered the upper limit under which their 
maintenance could be expected. A lo\t.er limit was suggested 
for lactating animals. I t  was further observed that the ani- 
mals would not drink highly saline solutions if water of low 
salt content was available, and that animals showing ef- 
fects of saline waters returned quickly to normal when al- 
lowed a water of low salt content. 

Frens (1946)72 reported that 10,000 mg/l of sodium 
chloride in the drinking water of dairy cattlc produced no 
symptoms of toxicity, while 15,000 mg/l causcd a loss of 
appetite, decreased milk production, and increased watcr 
consumption with symptoms of salt poisoning in 12 days. 

In studies with beef heifcrs, Enibry ct al. (1959)7' re- 
ported that the addition of 10,000 mg,'I of sodium sulfate 
to the drinking water causcd severe reduction i n  its con- 
sumption, loss of weight, and symptoms of dehydration. 
Either 4,000 or 7,000 mg/l of added sodium sulfate increased 
water intake but had no effect on rate of gain or general 
health. Similar observations were made using watcrs \vi th  
added sodium chloride or a mixture of salts, escept that 
symptoms of dehydration were noted, and the mised salts 
caused no increase in water consumption. Levels of up to 
6,300 mg/l of added mixed salts increased water consump- 
tion in weanling pigs, but no harmful effects were observed 
over a three-month period. 

In Australia, Peirce (1957,s3 1959,s4 1960,85 1962,s6 
1963,s7 1966,88 1968a,s9 1968bg0) conducted a number of 
experiments on the salt tolerance of Merino wcthers. Only 
minor harmful effects were observed in these sheep when 
they were confined to waters containing 13,000 mg/1 or 
less of various salt mixtures. 

Nevada workers have reported several studies on the ef- 
fects of saline waters on beef heifers. They found that 
20,000 mg/l of sodium chloride caused severe anorexia, 
weight loss, anhydremia, collapse, and certain other symp- 
toms, while 10,000 mg/l had no effects over a 30-day period 
other than to increase water consumption and decrease 
blood urea (Weeth et al. 1960).97 Additional experiments 
(Weeth and Haverland 1961)98 again showed 10,000 mg/l 
to cause no symptoms of toxicity; while at  12,000 mg/l 
adverse effects were noted, and these intensificd with in- 
creasing salt concentration in the drinking water. At a con- 
centration of 15,000 mg/l, sodium chloride increased the 
ratio of urine excretion to water intake (il'eeth and I 



Le;p~iancc !955),’O0 and a prompt and distinct diuresis 
occurred when the heifers consumed water containing 5,000 
or 6,000 mg/I following water deprivation (Weeth et al. 
1968).101 While with waters containing about 5,000 mg/l 
(\\‘eeth and Hunter 1971)99 or even less (Weeth and Capps 
1971)95 of sodium sulfate no specific ion effects were noted, 
heifers drank less, lost weight, and had increased methemo- 
globin and sulfhemoglobin levels. A later study (Weeth and 
Capps 1972) O 6  gave similar results, but in addition suggested 
that the sulfate ion itself, at  concentrations as low as 2150 
mg/l had adverse effects. 

In  addition to the Oklahoma work, several studies on the 
effects of saline water on poultry have been reported. 
Selye (1943)g3 found that chicks 19 days old when placed 
on experiment had diarrhea, edema, weakness, and respira- 
tory problems during the first I O  days on water containing 
9,000 mgil of sodium chloride. Later, the edema disap- 
peared, but nephrosclerotic changes were noted. Water 
containing 3,000 mg/l of sodium chloride was not toxic to 
four-week-old chicks. 

Others (Kare  and Riely 1918177 ohserved that  w i t h  t\vn- 

day-old chicks on water containing 9,000 mg,/l of added 
sodium chloride there were a few deaths, some edema, and 
certain other symptoms of toxicity. A solution with 18,000 
mg,’l of the salt \vas not toxic; however, when replaced on 
alternate days by fresh water, neither was i t  readily con- 
sumed. 

Scrivner ( 1946)92 found that sodium chloride in the drink- 
ing water of day-old poults at  a concentration of 5,000 mg/l 
caused death and varying degrecs of edema and ascites in  
over half of the birds in about two wccks. Sodium bicarbo- 
nate at  a concentration of 1,000 mg’l was not toxic, at  
3,000 mg/l caused some deaths and edema; and as the con- 
centration increased above this, the effects were more pro- 
nounced. A solution containing 1,000 mg/l of sodium hy- 
droxide caused death in t\vo of 31 poults by 13 days, but the 
remainder survived without effects, and 7,500 mg/l of 
sodium citrate, iodide, carbonate, or sulfate each causcd 
edema and many deaths. 

South Dakota workers (Krista et al. 1961)75 studied the 
effects of sodium chloride in water on laying hens, turkey 
poults, and ducklings. At 4,000 mg/l, the salt caused some 
increased water consumption, watery droppings, decreased 
feed consumption and growth, and increased mortality. 
These effects were more pronounced at  a higher concentra- 
tion, 10,000 mg/l, causing death in all of the turkey poults 
a t  two weeks, some symptons of dehydration in the chicks, 
and decreased egg production in the hens. Experiments with 
laying hens restricted to water containing 10,000 mg/l of 
sodiiim nr m a g n ~ i ~ ~ m  s:!!fitc gave p c i - d t c  rimi!ar tn thnce 
for sodium chloride. 

In  addition to the experimental work, there have been 
reports in the literature of field observations relating to the 
effects of excessively saline water (Ballantyne 1957,’O 
Gastler and Olson 1957,73 Spafford 194Ig4), and a number 

T. BLE Y-3-Guide to the Use o 
Livestock and Poh 

Total soluble salts 
content 01 waters 

(mill) 
Comment 

Less than 1.000.. . . Retalivet) low level 01 salinity. EIcetlenl for a11 claws of livestock and poultry. 
1,000-2.999. _ _  , , , . Very satisfactory lor a11 chsses 01 livestock and poultry. May IUS temporary and mild 

diarrhea in tivntoch not raustomed to them 01 watery droppinis in poultry. 
1.OCO-4.999.. . . , . . . Satisfactory lor liveslazk, but MJ cause temporary diarrhea or be rdused a1 Ilrst lv am. 

MIS not aaurtomed to them. Poor waters lor poultry. olten causing wator Ieces. increased 
mortality. and dereased vowth. espedalb in turkeys. 

Avoid use for pregnant or lactating animals. Not aarptable Io1 poultry. 
l.OM)-lO. OOO...... . U n ~ t l o r p o u l ~ a n d p r o ~ b ~ f m w i n a  Considerablerisk inudnglorprqnantarlactating 

caws. horses. m sheep. or lor the younp. 01 these spedes. In general. use should be avoided 
although older ruminant$. horses. poullq. and w i n e  may subsist on them under certain 
conditions. 

Over 10.000. . . . . , , . Risks with these hi thb satins waters are IO treat that they cannot be recommended for use 
under any conditions. 

5,w10-6.999,. , , . , . . Can be usad with reasonable salety lor dairy and beel cattle. IM sheep. swine. and hw$8% 

of guides to the use of these waters for livestock have bccn 
published (Ballantyne 1957,70 Embry et al. 1959,’l Krista 
et nl, 1963j79 MrKee pnd tVo!f, Ic) f? ,a l  OErers cf the 
Department of Agriculture and the Government Chemical 
Laboratories 1950,s2 Spafford, 194Ig4). Table V-3 is based 
on the available published information. Among other things, 
the following items are suggested for consideration in  using 
this table : 

0 Animals drink little, if any, highly saline water if 
water of low salt content is available to them. 

0 Unless they have been previously deprived of water, 
animals can consume moderate amounts of highly 
saline water for a few days without being harmed. 

saline water cause more problems than a gradual 
c ha nge. 

0 Depressed water intake is very likely to be accom- 
panied by depressed feed intake. 

0 Abrupt &aiiges fror, i,.ater of lo\,. sa;iii;ty io &$;y 

Table V-3 was developcd because in arid or semiarid 
regions the use of highly saline waters may often be ncces- 
sary. It has built into i t  a very small margin of safety, and 
its use probably does not eliminate all risk of economic loss. 

Criteria for desirability of a livestock water are a some- 
what different matter. These should probably be such that 
the risk of economic loss from using the water for any species 
or age of animals, lactating or not, on any normal feeding 
program, and regardless of climatic conditions, is almost 
nonexistent. O n  the other hand, they should be made no 
more severe than necessary to insure this small risk. 

Recommendation 

From the standpoint of salinity and its osmotic 
effects, waters containing 3,000 mg of soluble salts 
per liter or less should be satisfactory for livestock 
under almost any circumstance. While some minor 
physiological upset resulting Prom waters with 
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salinities near this limit may be observed, eco- 
nomic losses or serious physiological disturbances 
should rarely, if ever, result from their use. 

TOXIC SUBSTANCES IN LIVESTOCK WATERS 

There are many substances dissolved or suspended in 
waters that may be toxic. These include inorganic elements 
and their-salts, certain organic wastes from man’s activities, 
pathogens and parasitic organisms, herbicide and pesticide 

-residues, some biologically produced toxins, and radio- 
nuclides. 

For any of the above, the concentrations at which they 
render a water undesirable for use for livestock is subject 
to a number of variables. These include age, sex, spccies, 
and physiological state of the animals; water intake, diet 
and its composition, the chemical form of any toxic element 
present, and the temperature of the environment. Naturally, 
if feeds and waters both contain a toxic substance, this must 
be taken into account. Both short and long term effects and 
interactions with other ions or compounds must also be con- 
sidered. 

The development of recommendations for safe concentra- 
tions of toxic substances in water for livestock is extremely 
difficult. Careful attention must be givcn to the discussion 
that follows as well as the recommendations and to any ad- 
ditional experimental findings that may develop. Based on 
available research, an appropriate margin of safet! , undcr 
almost all conditions, of specific toxic substances harmful 
to livestock that drink the waters and to man who consumes 
the livestock or their products, is reviewed below. Althougli 
the margin of safety recommended is usuall! large, the cri- 
reria suggested cannot be uscd as a guide in diagnosing 
livestock losses, since they are well below toxic levels for 
c’,crr.e.tic .r?irr?a!s 

Toxic Elements and Ions 

Those ions largely responsible for salinity in water 
(sodium, calcium, magnesium, chloride, sulfate, and bi- 
carbonate) are in themselves not very toxic. There are, 
however, a number of others that occur naturally or as the 
result of man’s activities at troublesome concentrations. If 
feeds and water both contain a tosic ion, both must be con- 
sidered. Interactions with other ions, if known, must be 
taken into account. Elements or ions become objectionable 
in water when they are at levels toxic to animals, where they 
seriously reduce the palatability of the water, or when they 
accumulate excessively in tissues or body fluids, rendering 
the meat, milk, eggs, or other edible product unsafe or unfit 
for human use. 

Aluminum 

Soluble aluminum has been found in surface waters of 
the United States in amounts to 3 mg/l, but its occurrence 
at  such concentrations is rare because it readily precipitates 
as the hydroxide (Kopp and Kroner 197O).lg2 

Most edible grasses contain about 15-20 mg,’kg of the 
element. Howcver, there is no evidence that i t  is essential 
for animal growth, and very little is found depositrd in  ani- 
mal tissues (Underwood 1971).254 It is not highly tosic 
(h4cKee and \\'elf 19G3,’y3 Underwood 1971),254 Ilut Deo- 
bald and Elvehjem (1935)’3s found that a level or 4,000 nig 
aluminum per kilogram of diet caused phosphorus dc- 
ficiency i n  chicks. Its occurrence in water should not causc 
problems for livestock, except undcr unusual conditions 
and ivitli acid waters. 

Recommendation 

Livestock should be protected where natural 
drinking waters contain no more than 5 mg/l 
aluminum. 

Arsenic 

Arsenic has long been notorious as a poison. Ncvcrthclcss. 
it is present in all living tissues i n  the inorganic and in 
certain organic forms. It has also bccn uscd mcdicinallv. 
I t  is accepted as a safe feed additive for certain domcsiic 
animals. It has not been sho\c-n to be a reqilircd ntiirimt 
for animals, possibly because i t s  ubiquity has  p r ~ : c l i ~ r l ~ r l  t l ip 

compounding of deficient diets (Frost 1 9G7).I4!’ 
The toxicity of arsenic can depend on i ts  chemical form. 

its inorganic osides being considerably mow tosic than 
organic forms occurring i n  living tissues or uscd as f w d  
additivcs. Differences i n  toxicities of the various forms arc  
clearly related to the ratc of their excretion, thr least tosic 
being the most rapidly eliminated (Frost 1 9G7,”9 Cnder- 
wood 1971).254 Except in unusual cases, this elemcnt should 
occur i n  waters largely as inorganic oxides. I n  waters carry- 
ing or i n  contact with natural colloidal material, the soluble 
arsenic content may be decreased to a ver!. lo\\ Ie \d  11). ad- 
sorp iiuii. 

\\’adsworth ( 1952)?6n gave the acute toxicity of inorganic 
arsenic for farm animals as follo\rs: poultry, 0.05-0.10 g pcr 
animal; swine, 0.5-1.0 g per animal; sheep, goats, and 
horses, 10.0-15.0 g per animal; and cattle, 15-30 g per 
animal. Franke and h4oioxon ( 193G)145 concluded that the 
minimum dose requircd to kill 75 per cent of rats givcn 
intraperitoneal injections of arsenate was 14-1 8 mg arsenic 
per kilogram, while for arsenite i t  was 4.25-4.75 mg/’kg of 
body weight. 

\%’hen mice were given drinking water containing 5 mg/1 
of arsenic as arsenite from weaning to natural death, there 
was some accumulation of the element in the tissues of 
several organs, a somewhat shortened life span, but no 
carcinogenic effect (Schroeder and Balassa 19G7).233 In a 
similar study with rats (Schroeder et al. 1968b),236 neither 
toxicity nor carcinogenic effects were observed, but large 
amounts accumulated in the tissues. 

Peoples ( I  964)**0 fed arsenic acid at  levels up to 1.25 mg/ 
kg of body weight per day for eight weeks to lactating 
cows. This is equivalent to an intake of 60 liters of water 

. 
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containing 5.5 mg/l of arsenic (10.4 mg of arsenic acid) 
daily by a 500 kg animal. His results indicated that this 
form of arsenic is absorbed and rapidly excreted in the 
urine. Thus there was little tissue storage of the element; 
at  no level of the added arsenic was there an increased 
arsenic content of the milk, and no tosicity was observed. 

According to Frost (1967),149 there is no evidence that 
10 parts per million (pprn) of arsenic i n  the diet is toxic to 
any animal. 

ksenicals have been accused of being carcinogenic. This 
matter has been thoroughly reviewed by Frost ( 1967),149 
who concluded that they appear remarkably free of this 
property. 

Most human foods contain less than 0.5 ppm of arsenic, 
but certain marine animals used as human food may con- 
centrate i t  and may contain over 100 pprn (Frost 1967,'49 
Underwood 1971?".'). Permissible levels of the element in 
musclc meats is 0.5 ppm; in edible meat by-products, 1.0 
ppm; and in eggs, 0.5 pprn ( U S .  Dept. of Health, Educa- 
tion, and \\'elfarc, Food and Drug Administration I 963,?55 
l ~ b 4 ~ j ; j .  Fcderai Drinking i\'ater Standards list U.U5 mg/l as 
the upper allowable limit to humans for arsenic, but McKee 
and \\'elf (1963)Ig3 suggested 1.0 mg'l as the upper limit 
for livcstock drinking water. The possible role of biological 
methylation in increasing the tosicity (Chemical Engineer- 
ing Sews 1971)'26 suggcstcd added caution, howevcr, and 
natural waters sclclom contain more than 0.2 mg/l (Durum 
et al. 1971).14' 

Recommendation 

. 

. - -  

To provide the necessary caution, and in view of 
av..i!..h!e d,k?, .In Ilpper ! h i t  cf 8.2 me;! G f  nrsenic 
in water is recommended. 

Beryllium 

Bcr).lliiim \cas found to occur in natural surface waters 
only at  w r y  low levels, usually below 1 pg/l (Kopp and 
Kroner 1 970).1s2 Conceivably, however, i t  could enter 
waters i n  efilucnts from certain metallurgical plants. Its 
salts are not highly tosic, laboratory rats having survived 
for two years on a diet that supplied the element at a level 
of about 18 mg: kg of body weight daily. Pomelee (1953)"3 
calculated that a cow could drink almost 1,000 liters of 
water containing 6,000 mg/l without harm, if these data 
for rats are trmsposable to cattle. This type of extrapolation 
must, however, be used with caution, and the paucity of 
additional data on the tosicity of beryllium to livestock 
precludes rccommcnding at  this time a limit for its concen- 
tration in livestock waters. 

Boron 

The tosicity of boron, its occurrence in foods and feeds, 
and its role in animal nutrition have been reviewed by 
h4cClure (1 949),Iw hlcKee and Wolf (1 963),Ig3 and 
Underwood (1971).?j* Although essential for plants, there 

is no evidence that boron is required by animals. I t  has a 
relatively low order of toxicity. In  the dairy cow, 16-20 g 
of boric acid per day for 40 days produced no ill effects 
(McKee and Wolf 1963).Ig3 

There is no evidence that boron accumulates to any 
great extent in body tissues. Apparently, most natural 
waters could be expected to contain concentrations well 
below the level of 5.0 mgjl. This was the maximum amount 
found in 1,546 samples of river and lake waters from 
various parts of the United States, the mean value being 
0. I mg/l (Kopp and Kroner 1970).'s2 Ground waters could 
contain substantially more than this at certain places. 

Recommendation 

Experimental evidence concerning the toxicity 
of this element is meager. Therefore, to offer a 
large margin of safety, an upper limit of 5.0 mg/l 
of boron in livestock waters is recommended. 

Cadmium 

Cadmium (Cd) is normally found in natural waters a t  
very low levels. A nationwide reconnaissance of surface 
waters of the United States (Durum et al. 1971)"' revealed 
that of over 720 samples, about four per cent contained over 
I O  pg/l of this element, and the highest level was 1 I O  pg/L 
Ground water on Long Island, Sew York, contained 3.2 
mg/l as the result of contamination by waste from the elec- 
troplating industry, and mine waters in Missouri contained 
1,000 nig/l (h4cKee and \\'OK 1963).Ig3 

Research to date suggests that cadmium is not an essential 
element. I t  is, on the other hand, quitc toxic. h4an has been 
sickened b y  aboui i 5  ~ ~ J I I I  i i i  popsicies, 67 ppm in punch, 
300 pprn i n  a cold drink, 530 ppm in gelatin, and 14.5 mg 
taken orally; although a family of four whose drinking 
water was reported to contain 47 pprn had no history of ill 
emects (McKee and \Self 1963) . I g 3  

Estensive t a t s  have been made on the effects of various 
levcls of cadmium in the drinking water on rats and dogs 
(McKee and \\'OK 1963).Ig3 Because of the accumlation 
and retention of the element in the liver and kidney, it was 
recommended that a limit of 100 pg/l, or preferably less, be 
used for drinking waters. 

Parizek (1 960)?19 found that a single dose of 4.5 mg Cd/kg 
of body weight produced permanent sterility in male rats. 
At a level of 5 mg/l in  the drinking water of cats (Schroeder 
et al. 1963a)238 or mice (Schroeder et al. 1963b),239 reduced 
longevity was observed. Intravenous injection of cadmium 
sulfate into pregnant hamsters at a level of 2 mg Cd/kg 
of body weight on day eight of gestation caused malforma- 
tions in the fetuses (Mulvihill et al. 1970).2w 

Miller ( 1971)Ig6 studied cadmium absorption and distri- 
bution in ruminants. He found that only a small part of 
ingested cadmium was absorbed, and that most of what was 
went to the kidneys and liver. Once absorbed, its turnover 
rate was very slow. The  cow is very efficient in keeping 



cadmium out of its milk, and Miller concluded that most 
major animal products, including meat and milk, seemed 
quite well protected against cadmium accumulation. 

Interactions of cadmium with several other trace ele- 
ments (Hill et al. 1963,"* Gunn and Gould 19G7,'59 Mason 
and Young 1967)Is9 somewhat confuse the matter of estab- 
lishing criteria. 
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Recommendation 

From the available data on the occurrence of 
cadmium in natural waters, its toxicity, and its 
accumulation in body tissues, an upper limit of 
50 pg/l allows an adequate margin of safety for 
livestock and is recommended. 

Chromium 

In a five-year survey of lake and river \raters of the 
United States (Kopp and Kroner 1970),18? the highest level 
found in over 1,500 samples was about 0. I AS/], the avcrage 
being about 0.001 mg/l. In another similar survey (Durum 
et al. 1971)I4I of 700 samples, none contained over 0.05 mgjl 
of chromium VI and only 11 contained morc t h a n  0.005 
mg/l. A number of industrial processes howcvcr usc thc 
element, which thcn may be discharged as waste illto sur- 
face waters, possibly at  rather high levels. 

Even in its most soluble forms, the clcmcnt is not readily 
absorbed by animals, being largely excrctcd i n  thc feces; 
and i t  does not appear t o  concentrate i n  any particular 
mammalian tissue or to increase in  these tissues \\it11 age 
(Mcrtz 1967;l9' Underwood 1971254). 

Hexavalent chromium is generally considered more toxic 
than the  trivalent form (h4ertz 1 967).l9' However, in  their 
review of this  element, h4cKee and \\'elf ( 1  9G3)Iy3 suggested 
that i t  has a rather low order of toxicity. Further, Gross and 
Heller (1946)'jS found that for rats thc masimum nontoxic 
level, based on growth, for chromium VI  in the drinking 
water was 500 mg/l. They also found that this concentration 
of the element in the water did not affect feed utilization by 
rabbits. Romoser et al. (19G1)226 found that 100 pprn of 
chromium VI in chick diets had no effect on the perform- 
ance of the birds over a 21-da)' period. 

In a series of experiments, Schroeder et al. (19G3a,?38 
1963b,239 1 9G4,234 19G5235) administered water containing 
5 mg/l of chromium I11 to rats and mice on low-chromium 
diets over a life span. At this level, the element was not 
toxic, but instead it had some beneficial effects. Tissue levels 
did not increase significantly with age. 

As a result of their review of chromium toxicity, McKee 
and Wolf ( l963)Ie3 suggested that up to 5 mg/l of chromium 
I11 or VI in livestock drinking water should not be harm- 
ful. While this may be reasonable, it may be unnecessarily 
high when the usual concentrations of the element in nat- 
ural waters is considered. 

Recommendation 

An upper allowable limit of 1.0 mg/l for livesttpck 
drinking waters is recommended. This provides a 
suitable margin of safety. 

Cobalt 

In a recent survey of surface waters in the United States 
(Durum et al. 1971)14' 63 per cent of over 720 samples irere 
found to contain less than 0.001 mg/I ofcobalt. One sample 
contained 4.5 mgjl, one containcd 0.1 1 m g j l ,  and three 
contained 0.05-0.10 mg/I. 

Undcr\cood ( I971ys4 reviewcd thc role of cobalt i n  
animal nutrition. This element is part of thc vitamin I312 

molecule, and as such i t  is a n  essential nutricnt. liuminnnts 
synthesized their own vitamin BIZ if tlicy \\'ere givcn ora1 
cobnlt. For cattle and shccp a diet containing about 0.1 ppni 
of the clement secmcd nutritionally adcquatc. A \\.icle 
margin of safcty existcd bcttvccn thc 1-equircc1 and  toxic 
l e \ds  for shccp and cattle, which \ \ w e  Icvcls of 100 times 
those usually found in  adequate diets Ixing \vcll tolcratetl. 

Konruminants required prrforniccl vitamin RI:. \,Vhcn 
administered to these animals i n  amounts \yell I~cyoncl those 
prcscnt i n  foods and fcccls, cobalt inclucccl pol!.cydicmia 
(Undcrivood 1971).?"' This \vas also true i n  caI\.cs prior to 
rumcn cle\~clopnicnt; about I .  1 mg of thc elcmcnt pcr kg 
of body \vcight administered daily causccl clcprcssion of ap-  
petite and loss of \wight. 

Cobalt tosicit? \vas also summarized I J ~  Afckec  and 
Wolf ( 1963) .I!'3 

Recommendation 

In view of the data available on the occurrence 
and toxicity of cobalt, an upper limit for cobalt in 
iii;estock waters of i . 0  E&! offers a satisfactory 
margin of safety, and should be met by most 
natural waters. 

Copper 

The examination of over 1,500 rivcr and lake \vatcrs in  
the United States (Kopp and Kroner 1970jls? yieldcd, at  
the highest, 0.28 mg/I of copper and an average value of 
0.015 mg,/l. These rather low values were probably due in  
part to the re1atk.e insolubility of the copper ion in alkaline 
medium and to its ready adsorbability on colloids (McKce 
and \Volf 1963).Ig3 Where higher values than those reported 
above are found, pollution from industrial sources or mines 
can be suspected. 

Copper is an essential trace element. The requirement for 
chicks and turkey poults from zero to eight weeks of age is 
4 ppm in the diet (NRC 1971b).2"6 For beef cattle on 
rations lo\v in molybdenum and sulfur, 4 ppm i n  the diet 
is adequate; but when these elements are high, the col~per 
requirement is doubled or tripled (NRC 1970).*O4 A dietary 
level of 5 ppm in the forage is suggested for pregiiant and 



lactating ewes and their lambs (NKC 1968bm3). A level of 
6 ppm in the diet is considered adequate for swine (NRC 
1968a) .* 

Swine are apparently very tolerant of high levels of 
copper, and 250 pprn or more in the diet have been used 
to improve liveweight gains and feed efficiency (Xutrition 
Reviews 1966aZL0; NRC 1968a).20? On the other hand, sheep 
were very susceptible to copper poisoning (Underwood 
. 1971),254 and for these animals a diet containing 25 ppm 

was considered toxic. About 9 mg per animal per day was 
considered the safe tolerance level (NRC 1968b).m3 

Several reviews of copper requirements and toxicity have 
been presented (McKee and \Volf 1963,Io3 Nutrition Re- 
views 1966a,?I0 Underwood 1971).'j4 There is very little ex- 
perimental data on the effects of copper in the water supply 
on animals, and its tosicit3 must be judged largely from the 
results of trials where copper was fed. The  element does not 
appear to accumulate at  excessive levels in muscle tissues, 
and it is very readily eliminated once its administration is 
stopped. \Vhile most livestock tolerate rather high levels, 
;hccp do riGi (>;Kc ; ~ ~ ~ ~ ) , : ! ?  

Recommendation 

I t  is recommended that the upper limit for cop- 
per in livestock waters be 0.5 mg/l. Very few natural 
waters should fail to meet this. 

Fluorine 

The role of fluorine as a nutrient and as a tosin has been 
thoroughly reviewed by Underwood (1971).'j' (Unless 
otherwise indicated the fn!!nwing disczssicn, exc!usive of 
the recommendation, is based upon this review.) While 
there is no doubt that dietary fluoride in appropriate 
amounts improved the caries resistance of teeth, the element 
has not yet been found essential to animals. If it is a dietary 
essential, its requirement must be very low. Its ubiquity 
probably insures a continuously adequate intake by ani- 
mals. 

Chronic fluoride poisoning of livestock has, on the other 
hand, been obsen-ed in several areas of the world, resulting 
in some cases from the consumption of waters of high fluoride 
content. These waters come from wells in rock from which 
the element has been leached, and they often contain 
10-15 mg/l. Surface waters, on the other hand, usually con- 
tain considerably less than 1 mg/l. 

Concentrations of 30-50 pprn of fluoride in the total 
ration of dairy cows is considered the upper safe limit, 
higher values being suggested for other animals (NRC 

la).--- I V ~ ~ X ~ I I I U I I I  ieveis of rne eiement in waters that are 
tolerated by livestock are difficult to define from available 
experimental work. The  species, volume, and continuity of 
water consumption, other dietary fluoride, and age of the 
animals, all have an  effect. I t  appears, however, that as little 
as 2 mg/l may cause tooth mottling under some circum- 
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stances. At least a several-fold increase in its concentration 
seems, however, required to produce other injurious effects. 

Fluoride from waters apparently does not accumulate in 
soft tissues to a significant degree. I t  is transferred to a very 
small extent into the milk and to a somewhat greater degree 
into eggs. 

McKee and \Volf ( 1963)Ig3 have also reviewed the matter 
of livestock poisoning by fluoride, concluding that 1.0 mg/l 
of the element in their drinking water did not harm these 
animals. Other more recent reports presented data suggest- 
ing that even considerably higher concentrations of fluoride 
in the water may, with the exception of tooth mottling, 
caused no animal health problems (Harris et al. 1963,'86 
Shupe et al. 1964,246 Nutrition Reviews 1966b,*'I Saville 
1967,25' Schroeder et al. 1968aZ3'). 

Recommendation 

An upper limit for fluorides in livestock drinking 
waters of 2.0 mg/l is recommended. Although this 
level may result in some tooth mottling it should 
not be excessive from the standpoint of animal 
health or the deposition of the element in meat, 
milk, or eggs. 

Iron 

It  is well known that iron (Fe) is essential to animal life. 
Further, it has a low order of toxicity. Deobald and Elveh- 
jem (1935)13* found that iron salts added at  a level of 
9,000 mg Fe/kg of diet caused a phosphorus deficiency in 
chicks. This could be overcome by adding phosphate to the 
diet. Campbell (1961)'?' found that soluble iron salt ad- 
ministered to baby pigs by siuiiiacil tube at a ievei of 600 mg 
Fe/kg of body weight caused death within six hours. O'Don- 
ovan et al. (1963)21z found very high levels of iron in the 
diet (4,000 and 5,000 mg/kg) to cause phosphorus deficiency 
and to be toxic to weanling pigs. Lower levels (3,000 mg/kg) 
apparently were not toxic. The intake of water by livestock 
may be inhibited by high levels of this element (Taylor 
1935).2" However, this should not be a common or a serious 
problem. IVhile iron occurs in natural waters as ferrous 
salts which are very soluble, on contact with air it is oxi- 
dized and it precipitates as ferric oxide, rendering it essen- 
tially harmless to animal health. 

I t  is not considered necessary to set an  upper limit of ac- 
ceptability for iron in water. I t  should be noted, however, 
that even a few parts per million of iron can cause clogging 
of lines to stock watering equipment or an undesirable stain- 
ing and deposit on the equipment itself. 

I --A _.."" 
Lake and river waters of the United States usually contain 

less than0.05 mg/l of lead (Pb), although concentrations in 
excess of this have been reported (Durum et al. 1971,"' 
Kopp and Kroner 1970).182 Some natural waters in areas 
where galena is found have had as much as 0.8 mg/l of the 



element. I t  may also be introduced into waters in the ef- 
fluents from various industries, as the result of action of the 
water on lead pipes (AlcKee and Wolf 1963),Ig3 or by 
deposition from polluted air (NRC 1972).207 

A nutritional need for lead by animals has not been 
demonstrated, but its toxicity is well known. A rather com- 
plete review of the matter of lead poisoning by McKee and 
Wolf ( 1963)Ig3 suggested that for livestock the toxicity of 
the element had not been clearly established from a quanti- 
tative standpoint. Even with more recent data (Donawick 
1966,'39 Link and Pensinger 1966,ls6 Harbourne et at. 
1968,1G5 Damron et al. I969,l3' Hatch and Funnel1 1969,'6s 
Egan and O'Cuill 197O,ld3 Aronson 1971),1fls it is difficult to 
establish clearly at  what level of intake lead becomes toxic, 
although a daily intake of 6-7 mg Pb/kg of body weight has 
been suggested as the minimum that eventually gave rise 
to signs of poisoning in cattle (Hammond and Aronson 
1964).IG4 Apparently, cattle and sheep are considerably more 
resistant to lead toxicosis than are horses, being remarkably 
tolerant to the continuous intake of relatively large amounts 
of the element (Hammond and Aronson 1964,IG4 Garner 
1967,15? Aronson 19711"8; XRC 1972?"). Howevcr, there is 
sonic tendency for it to accumulate in tissucs and to be 
transferred to the milk at Ie\~cls that could be tosic to man 
(Hammond and Aronson l964).lCd 

There is some agreement that 0.5 mg/l of lead in  the 
drinking water of livestock is a safc level (h1cKee and Wolf 
1963) ; I g 3  and the findings of Schroedcr and his associates 
with laboratory animals are in agreement with this ( 1963a,238 
1963b,239 1964,23d 1965235). Using 10 times this level, or 
5 mg/1, of lead in the drinking water of rats and mice over 
their life spans, these authors observed no obvious direct 
toxic effects but did find an increase in death rates in the 
older animals, especially in the males. Schroeder et al. 
( 1965)235, observed that the increased mortality was not 
caused by overt lead poisoning, but rather by an increased 
susceptibility to spontaneous infections. Hemphill et al. 
(1 971)"I later reported that mice treated with subclinical 
doses of lead nitrate were more susceptible to challenge with 
Salmonella Qphiniuriuni. 

Recommendation 

In view of the lack of information concerning 
the chronic toxicity of lead, its apparent role in 
reducing disease resistance, and the very low inci- 
dence in natural waters of lead contents exceeding 
the 0.05 mg/l level, an upper limit of 0.1 mg/l for 
lead in livestock waters is recommended. 

Manganese 

Like iron, manganese is a required trace element, occurs 
in natural waters at  only low levels as manganous salts, and 
is precipitated in the presence of air as manganic oxide. 
While i t  can be toxic when administered in the feed at  high 
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levels (Underwood 1971),254 i t  is improbable that it would 
be found at  toxic levels in waters. 

It is doubtful that setting an upper limit of acceptability 
is necessary for manganese, but as \vith iron, a few milli- 
grams per liter in water can cause objectionable deposits 
on stock watering'equipment. 

Mercury 

Natural waters may contain mercury originating from 
the activities of man or from naturally occurring geological 
stores (M'ershaw 1970,2G2 White et al. 1970).?63 The  element 
tends to sorb readily on a variety of materials, including the 
bottom sediments of streams, greatly reducing the levels 
that might otherwise remain in solution (Hem 1970).'70 
Thus, su'rface waters in the United States have usually 
been found to contain much less than 5 pg/l of mercury 
(Durum et al. 1971).141 In  areas harboring mercury de- 
posits, their biological methylation occurs in bottom sedi- 
ments (Jensen and Jernelov 1969)176 resulting i n  a con- 
tinuous presence of the element in solution (Greeson 1 970).'56 

In comparison to the relative instability of organic com- 
pounds such as salts of phenyl mercury and methoxyethyl 
mercury (Gage and Swan 1961,151 Miller et al. 1961,'95 
Daniel and Gage 1969,13? Daniel et al. 1971'33) alkyl 
mercury compounds including methyl mercury (CH3Hg+) 
have a high degree of stability in the body (Gage 1964,I5O 
Miller et al. 1961)Ig5 resulting i n  an accumulative effect. 
This relative stability, together wi th  efficient absorption from 
the gut, contributes to the somewhat greater toxicity of 
orally administered methyl mercury as compared to poorly 
absorbed inorganic mercury salts (Swensson et al. 1 939).249 

The biological half-life of methyl mercury varies from 
about 20 to 70 days in most species (Bergrund and Berlin 
iybyj . i i j  Brain, iiver, ana K I U I I C ~  weie tlie organs that ac- 
cumulated the highest levels of the element, with the distri- 
bution of methyl and other alkyl mercury compounds favor- 
ing nerve tissue and inorganic mercury favoring the kidney 
(Malishevskaya et al. 1966,lSs Platonow 1968,222 Aberg et al. 
1969).1f12 

Transfer of methyl mercury (Curley et al. 1971),'3fl but 
not mercuric mercury (Berlin and Ullberg 1963),Il4 to the 
fetus has been observed. The element also appeared in the 
eggs of poultry (Kiwimae et al. 1969)I8O and wild birds 
(Borg et al. 1969,118 Dustman et al. 1970)142 but did not seem . 

to concentrate there much above levels found in the tissues 
of the adult. Data concerning levels of mercury that may be 
detrimental to hatchability of eggs are too meager to sup- 
port conclusions at  this time. Also, data concerning transfer 
of mercury to milk is lacking. 

The  animal organs representing the principal tissues for 
mercury concentration are brain, liver, and kidney. I t  is 
desirable that the maximum allowable limit for mercury in 
livestock waters should result in less than 0.5 ppm of ac- 
cumulated mercury in these tissues. This is the level now in 
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use as the ma:iimum allowable i n  fish used for human con- 
sumption. 

Few data are available quantitatively relating dietary 
mercury levels with accumulation in animal tissues. The  
ratios between blood and brain levels of methyl mercury 
appeared to range from 10 for rats to 0.2 for monkeys and 
dogs (International Committee on Maximum Allowable 
Concentrations of Mercury Compounds 1 969).17' In addi- 
tion, blood levels of mercury appeared to increase approsi- 
mately in proportion to increases in dietary intake (Birke 
e! al. 1967""; Tejning 1967?j'). 

Assumiiig a 0.2 or more blood-to-tissue (brain or other tis- 
sue) ratio for mercury in livcstock, the maintenance of less 
than 0.5 pprn mercury in all tissues necessitates maintaining 
blood mercury levels below 0.1 ppm. This would indicate a 
masimum daily intake of 2.3 pg of mercury per kilogram 
body weight. Based upon daily water consumption by meat 
animals in the range of up to about eight per cent of body 
weight, i t  is estimated that water may contain almost 30 
pg/I of mercury as methyl mercury without the limits of 

tion was provided in part by the calculations of Aberg et al. 
(1969)l"? showing that after "infinite" time the body burden 
of mercury i n  man will approximate 15.2 times the weekly 
intake of inethyl mercury. Applying these data to meat ani- 
mals consuming water equivalent to eight per cent of body 
weight and containing 30 pg/l of mercury would result in 
an  average of 0.25 ppm mercury in the whole animal body. 
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Recommendation 

Until specific data become available for the vari- 
ous species, adherence to an upper limit of In gg;! 
of mercury in water for livestock is recommended, 
and this limit provides an adequate margin of 
safety to humans who will subsequently not be 
exposed to as much as 0.5 ppm of mercury through 
the consumption of animal tissue. 

Molybdenum 

Underwood ( 1971)254 reviewed the matter of molyb- 
denum's role in animal nutrition. While the evidence that 
it is an essential element is good, the amount of molybdenum 
required has not been established. For cattle, for instance, 
no minimum requirement has been set, but it is believed to 
be low, possibly less than 0.01 ppm of the dry diet (NRC 
1 9 70) 

h.IcKee and \Volf ( 1963)lg3 reviewed the matter of toxicity 
of molybdenum to animals, but Underwood ( 1971)254 
pointed out that many of the studies on its toxicity are of 
!imitec! v-!ue ';cca-;sc IiutiiLer oifaccors known to infiuence 
its metabolism were not taken into account in making these 
studies. These factors included the chemical form ot 
molybdenum, the copper status and intake of the animal, 
the form and amount of sulfur in the diet, and other less. 
well defined matters. In spite of these, there are data to 

support real species differences in terms of tolerance to the 
element. Cattle seem the least tolerant, sheep a little more 
so, and horses and swine considerably more tolerant. 

While Shirley et al. (1950)245 found that drenching steers 
daily with sodium molybdate in an amount equialent to 
about 200 ppm of molybdenum in the diet for a period of 
seven months resulted in no marked symptoms of toxicity, 
cattle on pastures where the herbage contained 20-100 ppm 
of molybdenum on a dry basis developed a toxicosis known 
as teart. Copper additions to the diet have been used to 
contrnl this (Undenvood 1971).254 

Cox et al. ( 1960)'27 reported that rats fed diets containing 
500 and 800 pprn of added molybdenum showed toxicity 
symptoms and had increased levels of the element in their 
livers. Some effects of the molybdenum in the diets on liver 
enzymes in the rats were not observed in calves that had 
been maintained on diets containing up to 4 0 0  ppm of the 
element. 

Apparently, natural surface waters very rarely contained 
levels of this element of over 1 mg/l (Kopp and Kroner 
I Y / U J , ' " ~  which seemed to offer no problem. .,.-,-.. ...̂  

Conclusion 

Because there are many factors influencing tox- 
icity of molybdenum, setting an upper allowable 
limit for its concentration in livestock waters is 
not possible at this time. 

Nitrates and Nitrites 

Livestock poisoning by nitrates or nitrites is dependent 
upon the intake of these ions from all sources. Thus, water 

are toxic. Of the two, nitrite is considerably more toxic. 
Usually it is formed through the biological reduction of 
nitrate in the rumen of cattle or sheep, in freshly chopped 
forage, in moistened feeds, or in waters contaminated with 
organic matter to the extent that they are capable of sup- 
porting microbial growth. While natural waters often con- 
tain high levels of nitrate, their nitrite content is usually 
very low. 

\.Vhile some nitrate was transferred to the milk, Davison 
and his associates ( 1964)135 found that for dairy cattle fed 
150 mg NO,N/kg of body weight the milk contained about 
3 ppm of N03N. They concluded that nitrates in cattle 
feeds did not appear to constitute a hazard to human 
health, and that animals fed nitrate continuously developed 
some degree of adaptation to it. 

The LD5O of nitrate nitrogen for ruminants was found 
to be about 75 mg N03N/kg of body weight when ad- 
ministered as a drench (Bradley et al. 1940)119 and about 
255 mg/kg of body weight when sprayed on forage and 
feed (Crawford and Kennedy 1960).128 Levels of 60 mg 
NO,N/kg of body weight as a drench (Sapiro et al. 1949)230 
and 150 mg NOaN/kg of body weight in the diet (Prewitt 
and Merilan 1958;=' Davison et al. 1964135) had no de- 
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leterious effects. Lewis (1951)1s4 found that 60 per cent con- 
version of hemoglobin to methemoglobin occurred in 
mature sheep from 4.0 g of NO3N or 2.0 g of N 0 2 N  placed 
in the rumen, or 0.4 g N02N injected intravenously. As an 
oral drench, 90 mg N03N/kg of body weight gave peak 
methemoglobin levels of 5-6 g/100 ml of blood in sheep, 
while intravenous injection of 6 mg N02N/kg of body weight 
gave similar results (Emerick et a]. 1965).144 

Nitrate-induced abortions in cattle and sheep have 
generally required amounts approaching lethal levels 
(Simon et al. 1959,247 Davison et al. 1962,'36 Winter and 
Hokanson 1964,266 Davison et al. 196513'). 

Some experiments have demonstrated reductions in 
plasma or liver vitamin A values resulting from the feeding 
of nitrate to ruminants (Jordan et al. 1961,178 Goodrich 
et al. 1964,Is3 Newland and Deans 1964,2n9 Hoar et al. 
1968173). The destructive effect of nitrites on carotene 
(Olson et al. 1963213) and vitamin A (Pugh and Garner 
1963225) under acid conditions that existed in silage or in 
the gastric stomach have also been noted. On the other 
hand, nitrate levels of about 0.15 per cent in the feed 
(equivalent to about 1 per cent of potassium nitrate) have 
not been shown to influence liver vitamin A levels (Hale 
et al. 1962,l6l M'eichenthal et a]. 1963,?61 h4itchell et al. 
1967Ig7) nor to have other deleterious effects in controlled 
experiments, except for a possible slight decrease in produc- 
tion. 

Assuming a maximum water consumption in dairy cat- 
tle of 3 to 4 times the dry matter intake (NRC 1971aTn5), 
the concentration of nitrate to be tolerated in the water 
should be about one-fourth of that tolerated in the feed. 
This would be about 300 mg/1 of NOaN. 

Gwatkin and Pluininer (1 946)Ifin drenched pigs \\.it11 
potassium nitrate solutions, finding that it required in ex- 
LLJJ ---- A " I  Qnn 0"" - m  "'5 NOjN/kg I nf hndy weight to cause erosion 
and hemorrhage of the gastric mucosa and subsequent 
death. Lower levels of this salt had no effcct when ad- 
ministered daily for 30 days. Losses in swine due to metho- 
globinemia have occurred only with the consumption of 
preformed nitrite and not with nitrate (McIntosh et al. 
1943,Ig2 Gwatkin and Plummer 1946,I6O Winks et al. 
1950265). Nitrate administered orally as a single dose was 
found to be acutely toxic at  13 mg N02N/kg of body weight, 
8.7 mg/kg of body weight producing moderate methemo- 
globinemia (Winks et a]. 1950).265 Emerick et al. (1965)"* 
produced moderate methemoglobinemia in pigs with intra- 
venous injections of 6.0 mg N02N/kg of body weight and 
found that the animals under one week of age were no more 
susceptible to poisoning than older ones. 

Drinking water containing 330 mg/l NOaN fed continu- 
ously to growing pigs and to gilts from weaning through two 
farrowing seasons had no adverse effects (Seerley et a]. 
1965).242 Further, 100 mg/l of N 0 2 N  in drinking water 
had no effect on performance or liver vitamin A values of 

globin values remained low. This level of nitrite greatly 
exceeded the maximurn of 13 mg/l KO& found to form 
in waters in galvanized watering equipment and in the 
presence of considerable organic matter containing up  to 
300 mg/l Noax. 

In special situations involving the presence of high levels 
of nitrates in aqueous slurries of plant or animal tissues, 
nitrite accumulation reached a peak of about one-fourth to 
one-half the initial nitrate concentration (McIntosh et al. 
1943,Ig2 Winks et a]. 1950,2b5 Barnett 1952).In9 This situation 
was unusual, but since wet mixtures are sometimes used for 
swine, it must be considered in establishing criteria for 
water . 

Levels of nitrate up  to 300 mg/l NOJS or of nitrite up  to 
200 mg/1 of NO& were added to drinking lvaters without 
adverse effects on the growth of chicks or production of 
laying hens (Adams et al. 1966).'"' At 200 mg/1 N O 8 ,  
nitrite decreased growth in turkey poults and reduced the 
liver storage of vitamin A in chicks, laying hens, and 
turkeys. At 50 mg/1 NOgN, no effects were observed on any 
of the birds. Kienholz et al. (1966)179 found that 150 mg/l 
of NOJV in the drinking water or in the feed of chicks or 
poults had no detrimental effect on growth: feed efficiency, 
methemoglobin level, or thyroid weight, while Sell and 
Roberts (1963)243 found that 0.12 per cent (1,200 ppm) of 
N02N in chick diets lowered vitamin A stores in  the liver 
and caused hypertrophy of the thyroid. Other studies have 
shown poultry to tolerate levels of nitrate or ;litrite similar 
to or greater than those mentioned above (Adams et al. 
1967,Io5 Crawford et al. 196912Q). U p  to 450 mg/l of N03N 
in the drinking water of turkeys did not significantly affect 
meat color (h4ugler et al. 197O).lg9 

Some have suggested that nitrate or nitrite can cause a 
chronic or subclinical toxicity (Simon et al. 1959,247 
h4cIlwain and Schipper 1963,19' Pfander 1961 ,??I Beeson 
1964,Il1 Case 1957I'j). Some degree of thyroid hypertrophy 
may occur in some species \v i t l i  the  consumpiion of subtosic 
levels ofnitratc or nitrite (Bloomfield et al. 1961,"'Sell and 
Roberts 1963),?'3 but possibly not in all (Jainudecn et al. 
1965).I7j In the human neLvborn, a chronic type of methe- 
globinemia may result from feeding Lvatcrs of low N03N 
content (Armstrong et a!. 1958).Io7 It  appears, however, 
that all classes of livestock and poultry that have been studied 
under controlled experimental conditions can tolerate the 
continued ingestion of waters containing up to 300 mg;1 of 
N 0 3 N  or 100 mg/l of N02K. 

Recommendation 

In order to provide a reasonable margin of safety 
to allow for unusual situations such as extremely 
high water intake or nitrite formation in slurries, 
the N03N plus N02N content in drinking waters 
for livestock and poultry should be limited to 100 
ppm or less, and the NO,N content alone be limited 
to 10 DDm or less. pigs over a 105-day experimental period, and metherno- -. 
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Rosenfeld and Beath ( I964y7 have reviewed the prob- 
lems of selenium poisoning in livestock. Of the three types 
of this poisoning described, the "alkali disease" syndrome 
required the lowest level of the element in the feed for its 
causation. Moxon (l937)lg8placed this level at  about 5 ppm, 
and subsequent research confirmed this figure. Later work 
established that the toxicity of selenium was very similar 
when the element was fed as it occurs in plants, as seleno- 
methionine or selenocystine, or as inorganic selenite or 
selenate (Halverson et al. 1962,'@ Rosenfeld and Beath 
1964,?z7 I-Ialverson et al. 1966183). Ruminant animals may 
tolerate more as inorganic salts than do monogastric ani- 
mals because of the salts' reduction to insoluble elemental 
form by rumen microorganisms (Butler and Peterson 
196 1) .Iz1 

A study with rats (Schroeder 1967)232 revealed that sele- 
nite, but not selenate, in the drinking water caused deaths 
at a level of 2 mg/l and was somewhat more toxic than 
selenite administered in  the diet. Hnwt=vwj the re<iL!t< ~4 
drenching studies with cattle and sheep (Maag and Glenn 
1967)137 indicated that selenium concentration in the water 
should be slight, if i t  is any more toxic in the same chemical 
form administered in the feed. If there are differences with 
respect to the effect of mode of ingestion on toxicity, they are 
probably small. 

T o  date, no substantiated cases of selenium poisoning in 
livestock by waters have been reported, although some 
spring and irrigation waters have been found to contain 
over 1 mg,/l of the element (Byers 1935,1zz \Villiams and 
Byers 1935,'64 Beath 1943"O). As a rule, well, surface, and 
ocean waters appeared to contain less than 0.05 mg/l, 
usually considerably less. Byers et al. ( I938)Iz3 esplained 
the low selenium content as a result of precipitation of the 
selenite ion with ferric hydroxide. Microbial activity, how- 
ever, removed either selenite or selenate from water 
(Abu-Erreish 1967) ; loa  this may be another explanation. 

In addition to its toxicity, the essential role of selenium 
in animal nutrition (Thompson and Scott 1970)252 must be 
considered. Between 0.1 and 0.2 pprn in the diet have been 
recommended as necessary to insure against a deficiency 
in poultry (Scott and Thompson 1969),z41 against white 
muscle disease in ruminants (Muth 1963),?O' and other 
diseases in other animals (Hartley and Grant 1961).'67 
Selenium therapy suggests it as a requirement for livestock 
in general. Inorganic selenium was not incorporated into 
tissues to the same extent as it occurred in plant tissue 
(Halverson et al. 1962,16? 1966,163 Rosenfeld and Beath 

ganic selenium appreciably increased the amount found in 
the tissue of animals ingesting it. The data of Kubota et al. 
(1 967)Is3 regarding the occurrence of selenium poisoning 
suggested that over a good part of the United States live- 
stock were receiving as much as 0.5 pprn or even more of 

- 
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naturally occurring selenium in their diets continuously, 
without harm to them and without accumulating levels of 
the element in their tissues that make meats or livestock 
products unfit for human use. 

Recommendation 

It is recommended that the upper limit for 
selenium in livestock waters be 0.05 mg/l. 

Vanadium 

Vanadium has been present in surface waters in the 
United States in concentrations up  to 0.3 mg/l, although 
most of the analyses showed less than 0.05 mg/l (Kopp and 
Kroner 1 970).18? 

Recently, vanadium was determined essential for the 
growing rat, physiologically required levels appearing to 
be a t  or below 0.1 pprn of the diet (Schwarz and Milne 
1971).?.'O It  became toxic to chicks when incorporated into 
the diet as ammonium metavanadate at  concentrations 
over about I O  ppm of the element (Romoser et al. 1961,228 
Nelson et al. 1962,"3 Berg 1963,'12 Hathcock et al. 1964'6g). 
Schroeder and Balassa ( 1 9 6 7 p  found that when mice were 
allowed drinking water containing 5 mg/l of vanadium as 
vanadyl sulfate over a life span, no toxic effects were ob- 
served, but the element did accumulate to some extent in 
certain organs. 

Recommendation 

It is recommended that the upper limit for 
vanadium in drinking water for livestock be 0.1 
mg/1. 

Zinc 

There are many opportunities for the contamination of 
waters by zinc. In some areas where it is mined, this metal 
has been found in natural waters in concentrations as high 
as 50 mg/l. I t  occurs in significant amounts in effluents 
from certain industries. Galvanized pipes and tanks may 
also contribute zinc to acidic waters. In  a recent survey of 
surface waters, most contained less than 0.05 mg/l but some 
exceeded 5.0 mg/l, the highest value being 42 mg/l (Durum 
et al. 1971).141 

Zinc is relatively nontoxic for animals. Swine have 
tolerated 1,000 ppm of dietary zinc (Grimmet et al. 1937,15' 
Sampson et al. 1942,n9 Lewis et al. 1957,Is5 Brink et al. 
19591m), while 2,000 ppm or more have been found to be 
toxic (Brink et al. 1959).lm Similar findings have been re- 
ported for poultry (Klussendorf and Pensack 1958,18' John- 
"-_ _. , I  incr, i n  X I - L - -  -.-> TI .. 
was added to the feed. Adding 2,320 mg/l of the element 
to water for chickens reduced water consumption, egg pro- 
duction, and body weight. After zinc withdrawal there were 
no symptoms of toxicity in chickens (Sturkie 1956).248 I n  a 
number of studies with ruminants, Ot t  et a]. (1966a,*I5 
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b,21G c , ~ ~ ’  d2I8) found zinc added to diets as the oxide to be 
toxic, but at levels over 500 mg/kg of diet. 

While an increased zinc intake reflected an increase in 
level of the element in the body tissues, the tendency for its 
accumulation was not great (Drinker et al. 1927,I4O Thomp- 
son et al. 1927,253 Sadasivan 1951,2?s Lewis et a]. 1957),’*5 
and tissue levels fell rapidly after zinc dosing was stopped 
(Drinker et al. 1927,140 Johnson et al. 1962177). 

Zinc is a dietary requirement of all poultry and livestock. 
National Research Council recommendation for poults up  
to eight weeks was 70 mg/kg of diet; for chicks up to eight 
weeks, it was 50 mg/kg of diet (NRC 1971b);20G for swine, 
50 mg/kg.-of diet (NRC 1968a).202 There is no established 
requirement for ruminants, but zinc deficiencies were re- 
ported in cattle grazing forage with zinc contents ranging 
between 18 and 83 pprn (Underwood 1971).254 There is 
also no established requirement for sheep, but lambs fed a 
purified diet containing 3 pprn of the element developed 
symptoms of a deficiency that were prevented by adding 15 
ppm of zinc to the diet; 30 ppm was required to give max- 
imum growth (Ott et al. 1965).214 

Cereal grains contained on the average 3 0 4 0  ppm and 
protein concentrates from 20 to over 100 ppm (Davis 
1966).13‘ In view of this, and in view of the low ordcr of 
toxicity of zinc and its requirement by animals, a limit in 
livestock waters of 25 mg zinc/ would have a very large 
margin of safety. A higher limit does not seem necessary, 
since there would be few instances where natural waters 
would carry in excess of this. 

Recommendation 

in livestock waters be 25 mg/l. 

Toxic Algae 

I t  is recommended that the upper limit for zinc 

The term “water bloom” refcrs to heavy scums of blue- 
green algae that form on waters under certain conditions. 
Perhaps the first report of livestock poisoning by toxic algae 
was that of Francis (1878)”’ who described the problem in 
southern Australia. Fitch et al. (1934)’46 reviewed a number 
of cases of algal poisoning in farm animals in Minnesota 
between 1882 and 1933. All were associated with certain 
blue-green algae often concentrated by the wind at one end 
of the lake. Losses in cattle, sheep, and poultry were re- 
ported. The  algae were found toxic to laboratory animals 
on ingestion or intraperitoneal injection. 

According to Gorham (1 9 6 4 p 5  six species of blue-green 
algae have been incriminated, as follows: 

Nodufaria spumigena 
Micro.ytlis aeruginosa 
Coelosphaerium Kuelzingianum 
Gfoeotrichia echinulata 
Anabaena Jos-aquae 
Aphnnizomenon Jos-aquae 
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Of the above, Gorham states that Ariicroc),sfis and Ana- 
baena have most often been blamed for serious poisonings 
and algal blooms consisting of one or more of these species 
vary considerably in their toxicity (Gorham 1964).’55 
According to Gorham (1960),15’ this variability seems to 
depend upon a number of factors, e.g., species and strains 
of algae that are predominant, types and numbcrs of bac- 
terial associates, the conditions of growth, collection and 
decomposition, the degree of animal starvation and sus- 
ceptibility, and the amount consumed. To date, only one 
toxin from blue-green algae has been isolated and identified, 
only from a few species and streams. This \vas a cyclic poly- 
peptide containing 10 amino acid residues, one of \vhich 
was the unnatural amino acid D-serine (Bishop ct al. 
1959).Il6 This is also referred to as FDF (fast-death factor), 
since i t  causes death more quickly than SDF (slow-death 
factor) toxins produced in water blooms. 

Shilo ( 1967)244 pointed out that the sudden decomposition 
of algal blooms often preceded mass mortality of fish, and 
similar observations were made with livestock poisonings. 
This suggests that the lysis of the algae may be important 
in the release of the toxins, but it also suggests tha t  i n  some 
circumstances botulism may bc involved. The lack of osy- 
gen may have caused the fish kill and must also bc con- 
sidered. 

Predeath symptoms in liimtock have not becn carcfully 
observed and described. Post-mortcm examination is ap- 
parently of no help in diagnosis (Fitch et al .  1934).’4G 
Feeding or iiijecting algal suspensions or water from suspect 
waters have been used to some estcnt, but the occasional 
fleeting toxicity of these materials makes this proccdurc of 
limited value. Identification of any of the tosic bluc-green 
algae species in suspect waters does no more than siiggest 
the possibility that they caused livestock deaths. 

1 1 1  \Tie‘\? of :he m ~ n y  mknnwnr; and unresolvcd problems 
relating blooms of toxic algae, it is impossible to suggest 
any recommendations iiisuring against the occurrencc of 
toxic algae in livestock waters. 

Recommendation 

growths of blue green algae should be avoided. 

Radionuclides 

Surface and groundwaters acquire radioactivity from 
natural sources, from fallout resulting from atmospheric 
nuclear detonations, from mining or processing uranium, 
or as the result of the use of isotopes in medicine, scientific 
research, or industry. 

All radiation is regarded as harmful, and any unnecessary 
exposure to it should be avoided. Experimental work on  the 
biological half-lives of radionuclides and their somatic and 
genetic effects on animals have been briefly reviewed by 
McKee and Wolf (1963).Ig3 Because the rate of decay of a 
radionuclide is a physical constant that cannot be changed, 

T .  
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radioactive isotopes must he disposed of by di!ution ei by 
storage and natural decay. In view of the variability in half- 
lives of the many radioisotopes, the nature of their radioac- 
tive emissions, and the differences in metabolism of various 
elements by different animals, the results of animal experi- 
mentation do  not lend themselves easily to the development 
of rccommendations. 

Based on the recommendations of the U. S. Federal 
Radiation Council ( 1960,257 1961258), the Environmcntal 
Protection Agency will set drinking water standards for 
radionuclides (1972),"' to cstablish the intake of radioac- 
tivity from waters that when added to the amount from all 
other sourccs will not likely be harmful to man. 

Recornmendation 

In view of the limited knowledge of the effect of 
radionuclides in water on domestic animals, it  is 
recommended that the Federal Drinking Water 
Standards be used for farm animals as well as for 
man. 

PESTICIDES (IN WATER FOR LIVESTOCK) 

Pesticides incluclc a large number of organic and inorganic 
compounds. The United Statcs production of synthetic 
organic pesticides in 1970 was 1,060 million pounds con- 
sistiny almost entirely of insecticides (501 million pounds), 
hcrbiciclcs (391 million pounds), and funqicides (I 68 million 
pounds). Production data for inorganic pesticides was 
limited. nased on production, aercagc treated, and usc 
patterns, insccticiclcs and hcrbicidcs comprisc thc major 
agricultural pesticides (Fowler 1972)."9 Of these, some can 
.,& ; ~ I K I I L ~ I I  tu iivestock. Somc have low solubility in  
water, but all causc problems if accidcntal spillage pro- 
duces high coiiceiitrations in watcr, or if ihcy bccomc ad- 
sorbccl on colloidal particles subsequently dispcrscd in 
w a  tcr. 

Insccticidcs are  subdivided into three major classcs of 
compounds including mctliylcarl~nmatcs, organophospha tcs 
and chlorinated hydrocarbons. Many of thesc substances 
produce no serious pollution hazards, bccause thcy are non- 
persistent. Others, such as the chlorinated hydrocarbons, 
arc quite pcrsistcnt in the cnvironmcnt and are the pesti- 
cides most frequently encountered in  watcr. 

Entry of Pesticides info Water 

~ .-.--. -.  - 

Pesticides enter water from soil runoff, direct application, 
drift, rainfall, spills, or faulty waste disposal techniques. 
Movement by erosion of soil particles with adsorbed pesti- 
cides is one of the principal means of rntry ictc \:.:'ICT. The  
amount carried in runoff water is influenced by rates of ap- 
plication, soil type, vegetation, topography, and other 
factors. Because of strong binding of some pesticides on soil 
particles, water pollution by pesticides is thought to occur 
largely through the transport of chemicals adsorbed to soil 

particles (Lichtenstein et al. 1 966).28' This mechanism may 
not always be a major route. Bradley et al. (1972)26Q ob- 
served that when 13.4 kg/hectare DDT and 26.8 kg/hectare 
toxophene were applied to cotton fields, only 1.3 and 0.61 
per cent, respectively, of the amounts applied were detected 
in natural runoff water over an  8-month period. 

Pesticides can also enter the aquatic environment by direct 
application to surface waters. Ccnerally, this use is to con- 
trol mosquito larvae, nuisance aquatic weeds, and, as in 
several southern statcs, to control selected aquatic fauna 
such as snails (Chcsters and Konrad 1971).'L71 Both of these 
pathways generally result in  contamination of surface waters 
rather than groundwaters. 

Precipitation, accidcntal spills, and faulty waste disposal 
are less important cntry routes. Pesticides detectcd in rain- 
water include DDT, DDD, DDE, dieldrin, alpha-BI-IC and 
gamma-BHC i n  extremely minute concentrations (i.e., in 
thc order of lo-" parts or the nanograms per liter level) 
(\\'cibel ct al. 1966,29; Cohcn and Pinkcrton 1966,274 Tar- 
rant and Tatton 1968"'). Spills and faulty waste disposal 

contamination. 
The amount of pcsticide actually in solution, however, 

is gotwned by a number of factors, the most important 
probably being the solubility of thc molecule. Chlorinated 
hydrocarbon insccticides, for example, have low solubility 
in watcr (Frcshwater Appendix 11-D). Cationic pesticides 
(Le., paraquat and diquat) are rapidly and tightly bound 
to soil particles and arc inactivatcd (Weed Society of 
America 1970).?".' Most arsenical pesticidcs form insoluble 
salts and are inactivatcd (\\'oolson et al. 1971)."7 A survey 
of the watcr n n ~ !  sei! !.;.crs in CZKE pnds iiidicaics iiigher 
conccntratcs of pesticidcs arc associated with the soil layers 
that intcrfacc with water than in the water per se. In an ex- 
tensivc survey of farm water sources (U. S. Dept. of Plgri- 
culture, Agricultural Research Service 1 969a,292 hereafter 
rcfcrrccl to as Agriculture Rcsearch Service I 969a"j7), 
analysis of sediment showed residues in the magnitude of 
decimal fractions of a microgram per gram (pg.'g) to a high 
of 4.90 pg/g DDT and its DDE and DDD degradation 
compounds. These were the principal pesticides found in 
sediment. Dieldrin and endrin were also detected in sedi- 
ment in two study areas where surface drainage water 
entercd farm ponds from an adjacent field. 

Pesticides Occurrence in Water 

+--1.-:-..-- r b c . r r r r L l ~ ~ 3  & I C  usuaiiy rcsponsibie for shot-:-term, high-level 

Chlorinated hydrocarbon insecticides are the pesticides 
most frequently encountered in water. They include DDT 
and its dcgradation products DDE and DDL), dieldrin, 
CGdiii-1, cldurciane, aiarin, and lindane. In a pesticide moni- 
toring program conducted from 1957 to 1965, Breidenbach 
et al. (1967)?;" concluded that dieldrin was present in all 
sampled river basins at  levels from 1 to 22 nanograms 
(ng)/liter. DDT and its metabolites were found to occur in 
most surface waters, while levels of endrin in the lower 
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Mississippi decreased from a high of 214 ng/l in 1963 to a 
range of 15 to 116 ng/l in 1965. Results of monitoring 
studies conducted by the U. S. Department of Agriculture 
(Agricultural Research Service 1969a)267 from 1965 to 
1967 indicated that only very small amounts of pesticides 
were present in any of the sources sampled. The  most preva- 
lent pesticides in water were DDT, its metabolites DDD and 
DDE, and dieldrin. Levels detected were usually below 
one part per billion. The  DDT family, dieldrin, endrin, 
chlordane, lindane, heptachlor epoxide, trifluralin, and 
2,4-D, were detected in the range of 0.1 to 0.01 pg/l. In a 
major survey of surface waters in the United States con- 
ducted from 1965 to 1968 for chlorinated hydrocarbon pesti- 
cides (Lichtenberg et at. 1969),*” dieldrin and DDT (in- 
cluding DDE and DDD) were the compounds most fre- 
quently detected throughout the 5-year period. After reach- 
ing a peak in 1966, the total number of occurrences of all 
chlorinated hydrocarbon pesticides decreased sharply in 
1967 and 1968. 

A list of pesticides most likely to occur in the environ- 
ment and, consequently, recommended for inclusion in 
monitoring studies, was developed by the former Federal 
Committee on Pesticide Control (now Working Group on 
Pesticides). This list was revised (Scliechter 197 I)?”’ and 
expanded to include those compounds (1) whose persistence 
is of relatively long-term duration; (2) whose use pattern. 
is large scale in terms of acreage; or (3) whose inherent 
toxicity is hazardous enough to merit close surveillance. 
The primary list includes 32 pesticides or classes of pesticides 
(i.e. arsenical pesticides, mercurial pesticides, and several 
dithiocarbamate fungicides) recommended to be monitored 
in water. A secondary list of 17 compniinds was dcvcloped 
for consideration, if monitoring activities are expanded in 
thc h t u r e  T h e  pesticides found on the primary list would 
be those most likely to be encountered in farm water sup- 
plies (see Freshwater Appendix 11-D). 

Toxicological Effects of Pesticides on livestock 

Mammals generally have a greater tolerance to pesticides 
than birds and fish. However, the increased use of pesticides 
in agriculture, particularly the insecticides, presents a poten- 
tial hazard to livestock. Some compounds such as the or- 
ganophosphorous insecticides can be extremely dangerous, 
especially when mishandled or wrongly used. T o  date, how- 
ever, there actually have been very few verified cases of 
livestock poisoning from pesticides (Papworth 1967).2s7 In 
the few instances reported, the cause of livestock poisoning 
usually has been attributed to human negligence. For live- 
stock, pesticide classes that may pose possible hazards are 
the acaricides, fungicides, herbicides, insecticides, mollus- 
cides, and rodenticides (Papworth 1 967).287 

Acaricides intended for use on crops and trees usually 
have low toxicity to livestock. Some, such as technical 
chk~robenzilate, have significant toxicity for mammals. The 
acute oral LD50 in rats is 0.7 g/kg of body weight (Pap- 

worth 1967).”’ With fungicides, the main hazard to live- 
stock apparently is not from tlie water route, but from their 
use as seed dressings for grain. Of the types used, the organo- 
mercury compounds and thiram are potentially the most 
dangerous (McEntee 1950,283 Weibel et al. 1966?g5). The  
use of all organomercury fungicides is restricted by tlie 
Environmental Protection Agency (Office of Pesticides, 
Pesticides Regulation Division 1972).?” Consequently, the 
possible hazard to livestock from these compounds has, for 
most purposes, been eliminated. 

Of the herbicides in current use, the dinitro compounds 
pose the greatest hazard to livestock. Dinitroorthocresol 
(DNC or DNOC) is probably the most used menibcr of 
this group. In ruminants, however, DXC is destroyed 
rapidly by the rumen organisms (Pap!vorth I 9G7).2s7 These 
compounds are very persistent, up to two years, and for 
livestock the greatest hazard is from spillages, contaniina- 
tion of vegetation, or water. In  contrast: the phcnosyacetic 
acid derivatives (2,4-D, MCPA) are comparatively harm- 
less. Fertig ( 1953)?7s states that suspected poisoning of 
livestock or wildlife by phenoxy herbicides could not IJC 
substantiated in all cases carefully surve!d. T11e hazards 
to livestock from hormone weed killers arc discussccl Iiy 
Rowe and Hymas (1 955),2sg and dinitroconipouncls IJV 

McGirr and Papworth (1 953)2s4 and Edson ( 1  954).?7G 
The possible hazards from other herbicides are revicwcd by 
Papworth ( I967ys7 and Radeleff ( 1970).288 

Of the classes of insecticides i n  use, somc posc a potential 
hazard to livestock, while others do not. Insecticides of 
vegetable origin such as pyrethrins and rotcnoncs, arc prac- 
tically non-toxic to livestock. h4ost clilorinatcd Iiydrocarl~o~is 
are not highly toxic to livestock, and nonc is kno\vn to ac- 
cumulate in vital organs. DDT, DUD, dilan, mcthosychlor, 
and perthane are not highly toxic to mammals, but some 
other chlorinated hydrocarbons are qiiitc tc:;ic I\!’~i)~.*v~r!!? 
I 967,?B7 RadeleK 1 97OsSs). The  insecticides that are poten- 
tially the most hazardous are the organophosphorus coin- 
pounds causing chlorinesterase inhibition. Sonic, such as 
mipafax, induce pathological changes not directly related 
to cholinesterase inhibition (Barnes and Denz 1953) .?GB 
Liquid organophosphorus insecticides are absorbcd by all 
routes, and the lethal dose for most of these compounds is 
low (Papworth 1967,2s7 Radeleff 1970?s8). 

Pesticides in Drinking Water for livestock 

The subgroup on contamination in the Report of the 
Secretary’s Commission on Pesticides and Their Relation- 
ship to Environmental Health (U.S. Dept. of Health, Edu- 
cation, and Welfare 1969)*g3 examined the present knowl- 
edge a n  mechanisms for dissemination of pesticides in tlie 
environment, including the water route. There have been 
no reported cases of livestock toxicity resulting from pesti- 
cides in water. However, they conclude that the possibility 
of contamination and toxicity from pesticides is real because 
of indiscriminate, uncontrolled and excessive use. 



Pesticide residues in fzrni water supplies for livestock and 
related enterprises are undesirable and must be reduced or 
eliminated whenever possible. The  primary problem of 
reducing levels of pesticides in water is to locate the source 
of contamination. Once located, appropriate steps should 
be taken to eliminate the source. 

Some of the properties and concentrations of pesticides 
found in water are shown in Table V-4. Although many 
pesticides are readily broken down and eliminated by live- 
stock with no subsequent toxicological effect, the inherent 
problems associated with pesticide use include the accumu- 
lation and secretion of either the parent compound or its 
degradation products in edible tissues and milk (Kutches 
et al. I970).'% Consequently, pesticides consumed by live- 
stock through drinking water may rcsult in residues in fat 
and certain produce (milk, eggs, wool), depending on the 
level of exposure and the nature of the pesticide. There is 
also a possibility of interactions bctween insecticides and 
drugs, especially in animal feeds (Conney and Hitchings 
1969) .275 

11) drocarbon inxcticiclcs (DDT, lindanc, endrin, and 
others) tend to accumulate in fatty tissue ancl may re- 
sult i n  measurable residues. Polar, water soluble pcsticides 
and thcir metabolic derivatives are generally excreted in 
the urine soon after ingestion. Examples of this class \ \ o d d  
include most of the phosphate insecticides and the acid 
herbicides (2,4-D; 2 ,4 ,5-T;  and others). Approxirnatcly 
96 per cent of a dose of 2,4-D fed to sheep was excreted 
unchanged in the urine and 1.4 per cent in the feces in 72 
hours (Clark et al. 1964).273 Feeding studies (Claborn et al. 
1 960)'7' havc shown that when imccticldes were fed ts beef 
cattlc and sheep as a contaminant in their feed at dosages 
that occur as residues on forage crops, all cscept methoxy- 
chlor were stored in the fat. The  levels of these insccticides 
in fat decreased after the insecticides were removed from the 
animals' diets. \Vhen poultry were exposed to pesticides 
either by ingestion of contaminated food or through the use 
of pesticides in poultry houses, \Vhitehead ( 1971)'96 ob- 
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TABLE V-4-Some Properties, Criteria, and Concentrations 
of Pesticides Found in Water 

Solubililypp/lit Toxicity LO50 mg, kg Maximum concentratim~ 
~Kll 

aldrin.. ...................... 
die Id ri n ...................... 
endrin.. ..................... 
heplathlor .................... 
heplachlor epoxide., ........... 

DOE ......................... 
ODD ......................... 
2. I W . .  ..................... 

nnr -1 .......................... 

.................... 
110 
160 
56 
350 

i.2 
.................... 
.................... 

60,OM 

la 
46 
10 

130 

113 
..................... 

..................... 

..................... 
30blOM 

0.085 
0. (01 
0.133 
0.ou 
0.061 
0.316 
0.050 
0.1140 

0 Maximum concentration of pesticide found in lurfaco m t r  in lha United Slabs. tram Lithlenkq st aL 

b Rclers I o  the herbicide family 2,4-D; 2.1.5.T; and 2.4.5.TP. 
(1969P". 

served that the toxicities to birds of the substances used 
varied greatly. However, nonlethal doses may affect growth 
rate, feed conversion efficiency, egg production, egg size, 
shell thickness, and viability of the young. Although the ef- 
fects of large doses may be considerable, Whitehead con- 
cluded that little is known about the impairment of produc- 
tion at  low rates commonly used in agricultural practice. 

Elimination of fat soluble pesticides from contaminated 
animals is slow. Urinary excretion is insignificant and 
elimination in feces is slow. The  primary route of excretion 
in a lactating animal is through milk. The  lowest concentra- 
tions of pesticides in feeds that lead to detectable residues in 
animal tissues or products exceed the amounts found in 
water by a factor of 10,000. However, at  thecomparatively 
high dosage rates given in feeds, certain trends are apparent. 
Cows fed DDT in their diet at rates of 0.5, 1.0, 2.0, 3.0, and 
5.0 mg,'kg exhibited residues in milk at  all feeding levels 
except at  0.5 mqlkg. As the DDT feed levels increased, 
contamination increased (Zweig et al. 1961).296 \\'lien cows 
were removed from contaminated feeds, the amount of 
time required for several pesticides to reach the non-detect- 
able level was recorded (Moubry et al. 1968).2s6 Dieldrin 
had the longest retention time in milk, approximately 100 
days. DDT and its analogs. BHC, lindane, endrin, and 
methoxychlor followed in that order. It should be empha- 
sized that levels found in farm water supplies do not make a 
significant contribution to animal body burdens of pesticides 
compared to amounts accumulated in feeds. 

Table V-4 shows the toxicity of some important pesti- 
cides. Assuming the average concentration of any pesticide 
in water is 0.1 pg//1, and the average daily consumption of 

avcrage daily intake of DDT would be 0.006 mg. Further, 
assuming that the avcragc body weight for dairy or beef cat- 
tle is 450 kg ancl the LDSO for DDT is I13 mg/kg (Table 
\--4), then 50 grams uould have to be consumed to approach 
the dose that \\auld be lethal to 50 per cent of the animals. If 
a steer \\ere maintained on this water for 1,000 days, then it 
would have ingested about 1/10,000 of the reported LD5O. 
For endrin (LD50= I O  mg/kg), cattle would ingest 1/1,000 
of the established LDJO. The safety margin is probably 
greater than indicated, because the calculations assume that 
all of the insecticide is retained unaltered during the total 
ingestion period. DDT is known to be degraded to a limited 
extent by bovine rumen fluid and by rumen microorgan- 
isms. For sheep, swine, horses, and poultry, the average 
daily water intake in liters is about 5, IO, 40, and 0.2, re- 
spectively. Consequently, their intake would be substantially 
less. 

.... . r L L I C l  .-.. L.. u! u a i i y  -I or beer cattie is 60 liters per day, then the 

Fish as IndicaPors of Water Safety 

The presence of fish may be an  excellent monitor for 
toxic levels of pesticides in livestock water supplies. There 
are numerous and well documented examples in the litera- 
ture of the biological magnification of persistent pesticides 
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TABLE V-5-Exomples of Fish os Indicotors of Woter 
Safety for Livestock 

Material Toxic-levels mg/l lor ilsh Toxic enecls on animals 

Aldrin .................... 0.02 .... 
Chlordane.. .............. I.O(run 
Dieldrin ................. 0.025(troul) ............. 
Dipterex .................. 50.0.. .. 
Endrin, .................. 0.003 (bass)., ........... 
Ferban. lermale.. ......... 1.0 to 4.0 
MelhoIychlOr.. ........... 0.2 (bass).. ............. 
Parathion ................. 2.0 (Eoldfish).. .......... 
Pentachlorophenol.. ....... 0.35 (bluegill), .......... 
Fyrethrum (allelhrin). . . . . .  2.0 to 10.0.. ............ 
Silvex .................... 5.0 ..................... 
Toxaphene ................ 0.1 (bars).. ............. 

3 mglkglood (POUlll)). 
91 mg/kg body weight in food (otlls). 
25 mglkg food (rats). 

3.5 mglkg body weight in rood (chicks). 

14 mg/kg allalta hay. not toxic (cattle). 
15 mglkg body weight in lood (catlte). 
60 mg/l drinking waler not toxic (catlle). 
1.400 to 2,BDO mg/kg body weight in lood (rats). 
500 to 2,000 mg:kg body weight in loid (chicks). 
3510 110 m i l k g  body weight in food (catlle). 

10.0 m i l k g  body weight in fold (Calves). 

McKee and Wotl. l 9 6 W  

by fish and other aquatic organisms (See Sections 111 and 
I\' on Freslwatcr and Marinc Aquatic Life and \ViIdlifc.) 
Because of the lower tolerance levels of thcse aquatic 
organisms for persistent pesticides such as chlorinated hy- 
drocarbon insecticidcs, mercurial compounds, and heavy 
metal fungicides, the presence of living fish in agricultural 
water supplies \voulcl indicate their safcry for livestock 
(h.lcKec and \Volf 1 963).?85 Somc csaniples of individual 
effects of pcsticidcs upon fish compared to animal spccics 
arc sho\vn i n  Table V-5. Tliesc data indicate that fish gen- 
erally have mucli lo\vcr tolcrance for conimonly used pesti- 
cides than do livestock and poultry. 

Recommendation 

Feeding studies indicate no deleterious effects of 
reported pesticide residues in livestock drinking 
water on animal health. To prevent unacceptable 
residues in animal products, the maximum levels 
proposed in the pesticide section of the Panel of 
Public Water Supplies are recommended for farm 
animal water supplies. 

PATHOGENS AND PARASITIC ORGANISMS 

Microbial Pathogens 

. One of the most significant factors in the spread of infec- 
tious discases of domesticated animals is the quality of 
water which they consume. I n  many instances the only 
water available to livestock is from surface sources such as 
ponds, waterholes, lakes, rivers and creeks. Not infrequently 
these sources are contaminated by animals which wade to 
drink or stand in them sccking refuge from pests. Con- 
tamination with potential disease-producing organisms 
comes from surface drainage originating in corrals, feed 
lots, or pastures in which either sick or carrier animals are 
kept. 

Direct evidence relating the occurence of animal patho- 
gens in surface waters and disease outbreaks is limited. 
However, water may be a source for listeriosis caused by 
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Lisreria monovtogeries (Larsen 1964) '02 and eysipelas caused 
by Erysi/ieIo//irix r l i u s i o ~ o l h ~  (Wood and Packer in press 
1972).3ID Tularemia of animals is not normally waterborne, 
but the organism P a s l e t t r e l l a  tdarensis has been isolated from 
waters in the United States (Parker et al. 1951,303 Seghetti 
1 9j2).305 Enteric microorganisms, including the vibrios 
(\Vilson and h4iles 19GG)3n9 and amoebae, have a lorig 
record as water polluting agents. 

The ~s~~h~ricI i io-E~i~erobac~er- l l lebsc i l la  group of enterics 
arc widely distributed in feed, water, and the general en- 
vironmcnt (Breed et al. 1957)."' They sometimes cause 
urinary disease, abscesses, and mastitis in livestock. Sal- 
niotirllo are very invasive and the carrier state is easily pro- 
duced and persistent, often without any general evidence of 
disease. Spread of the enterics outside the yards, pens: or 
pastures of infected li\:estock is a possibility, but the epi- 
demiology and ecology of this problem are not clear. 

I n  the United States, leptospirosis is probably the most 
intimately water-rclated disease problem (Gillcspie et al. 
1 957,3"1 CraLvford ec al. 1 96g3"). The pathogenic leptospira 
leave thc infected host through urine and lack protection 
against drying. Direct animal-to-animal spread can occur 
through urine splashcd to the eyes and nostrils of anothcr 
animal. 

Infection 11). leptospirosis from water often is direct; that 
is, contaminated water infects animals that consume i t  or 
come into contact with it. 

Van Thiel (1948)3ns and Gillespie et al. ( 1957)3n1 pointed 
out that mineral composition and pH of \vatu arc factors 
affecting continued mobility of voided leptospira. Most 
episodes of leptospirosis can be traced to ponds, ricefields, 
and natural waters of suitable pH and mineral composition. 
For leptospira control, livestock must not be allowed to 
\vade in  contaminated water. Indirect contamination of 
water through sewage is unlikely, although free-living 
leptospira may occttr in such an en\ '  7 1  ronmen t. 

The Genus Clostridium is comprised of many species 
(Breed et al. 1957),299 some of which have no pathogenic 
characteristics. Some such as Clostridium bedrigens and Cl. 
le~aii i  may become adapted to an enteric existence in ani- 
mals. Almost all of them are soil adapted. Water has a vital 
role in environments favorable for anaerobic infections 
mused by Clostridia. 

Management of water to avoid oxygen depletion scrvcs 
to control the anaerobic problem. Temporary or permanent 
areas of anaerobic water environment are dangerous to 
livestock. Domestic animals should be prevented from con- 
suming water not adequately oxygenated. 

One of the best examples of water-related disease is bacil- 
lary hemoglobinuria, caused by an organism Cl. hemolvlicum 
found in western areas of North and South America. I t  has 
been linked with liver fluke injury, but is not dependent on 
the presence of flukes. Of particular concern has been the 
spread of this disease to new areas in the western states. As 
described by Van Ness and Erickson (1964),307 each new 



322/Section V-Agricultural Uses of Water 

premise is an endemic area which has an alkaline, anaerobic 
soil-water environment suitable for the organism. This 
disease has made its appearance in new areas of the West 
when these areas are cleared of brush and irrigated. To 
avoid this problem, western irrigation waters should be 
managed to avoid cattail marshes, hummock grasses, and 
other environments of prolonged saturation. 

Anthrax in livestock is a disease of considerable concern. 
The  organism causing anthrax, Bacillrrs anttirocis, may occur 
in soils with pH above 6.0. The  organism forms spores 
which, in the presence of adequate soil nutrients, vege- 
tate and grow. The spread of disease by drinking water 
containing spores has never been proved. Bits of hide and 
hair waste may be floated by water downstream from manu- 
facturing plants, but very few outbreaks have been reported 
from these sources. The  disease is associated with the water 
from pastures where the grass has been killed (Van Ness 
1971).306 The killed grass is brown rather than blackened, a 
significant difference from water drowned vegetation in 
general. 

The epidemiology of virus infections tends to incriminate 
direct contact; e.g., fomites, mechanical, and biological 
vectors, but seldom water supplies. \.Vater used to wash 
away manure prior to the use of disinfectants or other bio- 
logical control procedure may carry viruses to the general 
environment. 

Viruses are classified by size, type of nucleic acid, struc- 
ture, ether sensitivity, tissue effects (which includes viruses 
long known to cause recognizable diseases, such as pos and 
hog cholera), and by other criteria. Only the ether-resistant 
viruses, such as those causing polio and foot and mouth 
disease in cattie, appear to present problems in natural 
water (Prier 1966).”‘ 

Parasitic Organisms 

Parasitic protozoa include numerous forms which are 
capable of causing serious livestock losses. Most outbreaks 
follow direct spread among animals. Water contaminated 
with these organisms or their cysts becomes an indirect 
factor in spread of infection. 

Some of the most important parasitic forms are the various 
flukes which develop as adult forms in man and livestock. 
Important ecological factors include presence of snails and 
vegetation in the water, or vegetation covered by intermit- 

tent overflow. This problem isvery serious in irrigated areas, 
but only when snails or other intermediate hosts are avail- 
able for the complete life cycle. Fluke eggs passed by the 
host, usually in the manure (some species, in the urine), 
enter the water and hatch into rnirocidia. These seek out a 
snail or other invertebrate host where they develop into 
s/~orocysts. These transform into redia which in turn may 
form other redia or several cercarioe. The cercariae leave the 
snail and swim about the water where they may find the 
final host, or may encyst on vegetation to be eaten later. 
The  life cycle is completed by maturing in a suitable host 
and establishment of an esit for eggs from the site of the at- 
tachment. 

Roundworms include numerous species which may use 
water pathways in thcir life cycle. Free-living nematodes 
can sometimes be found in a piped water supply, but are 
probably of little health significance. Moisture is an  im- 
portant factor in the life cycle of many parasitic roundworms 
and livestock are maintained in an environment where con- 
tamination of water supplies frequently occurs. I t  is i i s i ~ a l l y  
thought that roundworm eggs are eaten but water-saturated 
environments provide ideal conditions for maintaining popu- 
lations of these organisms and their eggs. 

Parasitic roundworms probably evolved through evolu- 
tionary cycles esemplified by the behavior of the genus 
S~ro~ig~~lo id~s .  Slrot i ,g~loid~s s prea d a long drain ageways through 
the washdown of concrete feeding platforms and other 
housing facilities for livestock. 

The Guinea tvorm, Drocuncu/i/s, is clepenclent upon water, 
because the adult lays eggs only when the host comes in 
contact \\.it11 \vater. Man, clogs, cats, or various wild mam- 
mals may harbor the adult, and the larvae develop in 
C ~ c / o / i s .  The life cycle is thus maintained i n  a water environ- 
ment \\.hen the Cjclop is swallowed by  another suitable host. 

Eggs of “horsehair worms“ are laid by the adult in water 
or moist soil. The larvae encyst and if eaten by an appropri- 
ate insect \vi11 continue development to the adult stage. 
Worms do not leave the insect unless they can enter water. 

The  prevention of water-borne diseases and parasitisms 
in domestic animals depends on interruption of the orga- 
nisms’ life cycle. The most effective means is to keep live- 
stock out of contaminated water. Treatment for the removal 
of the pathogen or parasite from the host and destruction of 
the intermediate host are measures of control. 
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WATER FOR IRRIGATION 

Irrigation farming increases productivity of croplands 
and provides flexibility in alternating crops to meet market 
demands. Early irrigation developn~ents in the arid and 
semiarid \\'est were largely along streams where only a 
small part of the total annual flow was put to use. Such 
streams contained dissolved solids accumulated through the 
normal leaching and weathering processes with only slight 
additions or increases in concentrations resulting from man's 
activities. Additional uses of water resources have in many 
cases concentrated the existing dissolved solids, added new 
salts, contributed toxic elements, microbiologically polluted 
the streams, or in some other way degraded the quality of 
the water for irrigation. \\'ater quality criteria for irrigation 
has become increasingly significant as new developments i n  
water resources occur. 

Soil, plant, and climate variables and interactions must be 
considered i n  developing criteria for evaluation of irriga- 
tion water quality. A wide range of suitable water charac- 
teristics is possible even when only a few variables are con- 
sidered. These variabies dit ;Liipfiitziit in de:erm:n:ng t!?e 
quality of water that can be used for irrigation under 
specific conditions. 

The ph>,sicochcmical properties of a soil determine the 
root environment that a plant encounters following irriga- 
tion. The soil consists of an organo-mineral comples that 
has the ability to react both ph) sically and chemically with 
constituents present in irrigation water. The degree to 
which these added constituents \vi11 leach out of a soil, re- 
main available to plants in the soil, or become fixed and 
unavailable to plants, depends largely on the soil charac- 
teristics. 

Evapotranspiration by plants removes water from the 
soil leaving the salts behind. Since uptake by plants is 
negligible, salts accumulate in the soil in arid and semiarid 
areas. A favorable salt balance in the root zone can be main- 
tained by leaching, through the use of irrigation water in 
excess of plant needs. Good drainage is essential to prevent 
a rising water table and salt accumulation in the soil surface 
and to maintain adequate soil aeration. 

In irrigated areas, a water frequently exists at  some depth 
below the ground surface, with an unsaturated condition 

. .  

existing above it. During and immediately following periods 
of precipitation or irrigation, water moves downward 
through the soil to the water table. At other times, \rater is 
lost through evaporation from the soil surface, and trans- 
piration from plants (evapotranspiration) ma!. reverse the 
direction of flow in  the soil, so that water moves upward 
from the water table by capillary fo\v. The rate of move- 
ment is dependent upon water content, soil testure, and 
structure. In humid and subhumid regions, this capillary 
rise of water in the soil is a valuable water source for use by 
crops during periods of drought. 

Even under favorable conditions of soil, drainage, and 
environmental factors, too sparing applications of high 
quality water with total dissolved solids of less than 100 mg/l 
would ultimately damage sensitive crops such as citrus fruit; 
whereas with adequate leaching, waters containing 500 to 
1,000 mg/I might be used safely. Under the same conditions, 
certain salt-tolerant field crops might produce economic re- 
turns using water with more than 4,000 mg/I. Criteria for 
j d g i n g  water quality must take these factors into account. 

The need for irrigation for optimum plant growth is de- 
termined also by rainfall and snow distribution; and by 
temperature, radiation, and humidity. Irrigation must be 
used for intensive crop production in arid and semiarid 
areas and must supplement rainfall in humid areas. (See 
Specific Irrigation Water Considerations below.) 

The effects of water quality characteristics on soils and on 
plant growth are directly related to the frequency and 
amount of irrigation water applied. The rate at which water 
is lost from soils through evapotranspiration is a direct 
function of temperature, solar radiation, wind, and humid- 
ity. Soil and plant characteristics also influence this water 
loss. Aside from water loss considerations, water stress in a 
plant, as affected by the rate of evapotranspiration, will 
determine the plant's reaction to a given soil condition. For 
example, in a saline soil at a given water content, a plant 
will usually suffer more in a hot, dry climate than in a  COO^, 
humid one. Considering the wide variation in the climatic 
and soil variables over the United States, it is apparent that 
water quality requirements also vary considerably. 

Successful sustained irrigated agriculture, whether in arid 
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regions or in subhumid regions, or other areas, requires 
skillful water application based upon the characteristics of 
the land, water, and the requirements of the crop. Through 
proper timing and adjustment of frequency and volumes of 
water applied, detrimental effects of poor quality water may 
often be mitigated. 

WATER QUALITY CONSIDERATIONS 
FOR lRRl6AYlOW 

Effects on Plant 6rowVh 

Plants may be adversely affected directly by either the 
development of high osmotic conditions in the plant sub- 
strate or by the presence of a phytotoxic constituent in the 
water. In  general, plants are more susceptible to injury from 
dissolved constituents during germination and early growth 
than a t  maturity (Bernstein and Hayward 1958).JL5 Plants 
affected during early growth may result in complete crop 
failure or severe yield reductions. Effects of undesirable 
constituents may be manifested in suppressed vegetative 
growth, reduced fruit development, impaired quality of the 
marketable product, or a combination of these factors. 
The  presence of sediment, pesticides, or pathogenic or- 
ganisms in irrigation water, which may not specifically 
affect plant growth, can affect the acceptability of the 
product. Another aspect to be considered is the presence of 
elements in irrigation water that are not detrimental to 
crop production but may accumulate in crops to levels that 
may be harmful to animals or humans. 

\Vhere sprinkler irrigation is used, foliar absorption or 

to plant growth or to the consumption of affected plants by 
man or animals. \\‘here surface or sprinkler irrigation is 
practiced, the effect of a given water quality on plant 
growth is determined by the composition of the soil solu- 
tion. This is the growth medium available to roots after soil 
and water have reacted. 

Plant growth may be affected indirectly through the in- 
fluence of water quality on soil. For esample, the absorption 
by the soil of sodium from water will result in a dispersion 
of the clay fraction. The  degree of dispersion will depend 
on the clay minerals present. This decreases soil permeabil- 
ity and often results in a surface crust formation that deters 
seed germination and emergence. Soils irrigated with 
highly saline water will  tend to be flocculated and have 
relatively high infiltration rates (Bower and \\*ilcox 1965).316 
A change to waters of sufficiently lower salt content reduces 
soil permeability and rates of infiltration by dispersion of the 
ciay fraction in the soii. This hazard increases when com- 
bined with high sodium content in the water. Much de- 
pends upon whether a given irrigation water is used con- 
tinuously or occasionally. 

Crop Tolerance to Salinity 

The effect of salinity, or total dissolved solids, on the os- 
motic pressure of the soil solution is one of the most im- 

arlcnryjcn cf ccnstit-pzts i~ the *,a;ztpy ~ . z y  be de:ri-t=::ta! 

portant water quality considerations. This relates to the 
availability of water for plant consumption. Plants have 
been observed to wilt in fields apparently having adequate 
water content. This is usually the result of high soil salinity 
creating a physiological drought condition. Specifically, the 
ability of a plant to estract watcr from a soil is determined 
by thc following rclationship: 

TSS = h?S + SS 

In  this equation, (U.S. Departmcnt of Agriculture, Salinity 
Laboratory Staff 1954”’ hereafter referred to as Salinity 
Laboratory 1 95P3j) the total soil suction (TSS) represents 
the force with which water in the soil is withheld from plant 
uptake. In simplified form? this factor is the sum of the 
matric suction (MS) or the physical attraction of soil for 
water, and the solute suction (SS) or the osmotic pressure 
of the soil water. 

As the water content of the soil decreases due to evapo- 
transpiration, the water film surrounding the soil particles 
becomes thinner and the remaining water is hcld with in- 
creasingly greater force (MIS). Since only pure water is 
lost to the atmosphere during evapotranspiration, the salt 
concentration of soil solution increascs rapidly during 
the drying process. Since the matric suction of a soil in- 
creases esponentially on drying, the combinecl effccts of 
these two factors can produce critical conditions with rc- 
gard to soil water availability. 

In  assessing the problem of plant gro\vth, the salinity 
level of the soil solution must be evaluated. I t  is cliflicult to 
estract the soil solution from a moist soil within the range of 

ho\vever, that salinity levels of the soil solution and their 
resultant effects upon plant growth may tie correlated with 
salinity levels of soil moisture a t  saturation. The  quantity of 
\rater held in the soil bcttvccn field capacity and the wilting 
point varies considerably from rclatively low values for 
sandy soils to high values for soils high in clay contcnt. 

The  U.S. Salinity Latioratory Staff (1954)”: developed 
the technique of using a saturation estract to meet this 
need. Demineralized water is added to a soil sample to a 
point a t  \vhich the soil paste glistens as it  reflects light and 
flows slightly when the container is tipped. The  amount of 
Lvater added is reasonably related to the soil testure. For 
many soils, the water content of the soil paste is roughly 
twice that of the soil at field capacity and four times that at 
the wilting point. This water content is called the saturation 
percentage. \.\’hen the saturated paste is filtered, the result- 
ant solution is referred to as the saturation estract. The  salt 
content of the saturation extract does not give an esact 
indication of salinity in the soil solution under field condi- 
tions, because soil structure has been destroyed; nor does it 
give a true picture of salinity gradients within the soil result- 
ing from water extraction by roots. Although not truly de- 
picting salinity in the immediate root environment, i t  does 
give a usable parameter that represents a soil salinity value 
that can be correlated with plant growth. 

’ 
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TABLE V-6-Relotive Tolerance of Crop Plonts to Solt, 
(Listed in Decreasing Order of Toleronce') 

High sal1 tolerance Medium salt tolerance Low sal1 tolerance 
VEGETABLE CROPS 

EC,XIP= 12 E W l P = I O  E&XIP=4  
Garden beets Tomato Radish 
Ka!e Broccoli Celery 
Asparagus Cabbage Green beans 
SpiMCh Bell pepper 

Caulillower 
Letluce 
Sweel corn 
Potatoes (While Rose) 
Carrol 
Onion 
Peas 
Squash 
Cucumber 

ESXlO'=lO EC,.XtOa= 4 EC,XID'= 3 - 
FIELD CROPS 

E E X I P = 1 6  E C X  IO'= 10 EC X W = 4  
Barley (grain) Rye (grain) Field beans 
Sugar beel Wheal (train) 
Rape 011s (grain) 
Colton Rice 

Sorghum (grain) 
Corn (field) 
Flax 
Sunflower 
Carlorbeans 

EC X10'=10 EC,.XlO'=6 

FRUIT CROPS 

Date palm Pomegranate 
Fig 
Olive 
Grape 
Cantaloupe 

Pear 

Orange 
Grapelruil 
Prune 
Plum 
Almond 
Apricot 
Peach 
Strawberry 
Lemon 

Apple 

A"W,d" ........ 

FORAGE CROPS (in decreasing order tolerance) 

E S X I P =  18 E C X  1 O'= 12 EC,XIP= 4 
Alkali sawlon White sweel clover While Oulch clover 
Sallgrass Yellow sweet clover Meadow lortail 
Nullall alkaligrass Perennial ryegrass AlPke clover 
Bermuda grass Mountain brome Red Clover 
Rhodes grass Strawberry clover ladino clover 
Rescue grass Dallis grass Burnet 
Canada wildrye Sudan grass 
Western wheatgrass Hubam clover 
Barley (hay) Allalla (Calilornia common) 
Bridslool lreloil Tall lelcue 

Rye (hay) 
Wheat (hay) 
Oats (hay) 
Orchardgrass 
Blue grrma 
Meadow lescue 
Reed canary 
Big treloil 
Smoolh brome 
Tall meadow oatgrass 
Ciccr milkvetch 
Sourclover 
Sickle milkvelch 

EC.XIO'= 12 EC,XW=4 ECeXIO'=2 

a The numbers following EG.XlOJ are the electrial wnductirity values of the satuntion eltrrct in mi l l imha per 

Stlinily laboolory  Stan 1954% 
Ontimeter at 25 C associated wilh 50.per cenl decrease in  yield. 

Salinity is most readily measured by determining the 
electrical conductivity (EC) of a solution. This nietliod re- 
lates to the ability of salts in solution to conduct electricity 
and results are expressed as millimhos (mliosx 10-3) per 
centimeter (cm) at 25 C. Salinity of irrigation tvater is ex- 
pressed in terms of EC, and soil salinity is indicated I)!. tlie 
electrical conductivity of the saturation extract (EC,). See 
Table \7-6. 

Temperature and wind effects are especially important as 
thcy directly affect evapotranspiration. Periods of high 
temperature or other factors such as dry winds, \chic11 in- 
crease evapotranspiration rates, not only tend to increase 
soil salinity but also create a greater water stress in the plant. 
The  effect of climate conditions on plant response to 
salinity was demonstrated by Magistad and his associates 
(19t3)."" Some of these effects can be alleviated by more 
frequent irrigation to maintain safer levels of soil salinity. 

Plants \Tar? in thcir tolerance to soil salinity, and there 
arc many \\.ays in which salt tolerance can be appraiscd. 
Hayivard and Rcrnstcin (1958)321 point out thrcc: ( l) .Tcst  
the ability of a plant to survive on saline soils. Salt tolcrancc 
I.)ascd primarily on this criterion of survival has limited ap- 
plication in irrigation agriculture but is a method of ap- 
praisal that has been used widely by ecologists. ( 2 )  Test 
the alxolutc yield of a plant on a saline soil. This criterion 
Iias the greatest agronomic significance. (3) Relatc tlie yield 
on saline soil to nonsaline soil. This criterion is useful for 
comparing dissimilar crops whose absolute yields cannot be 
compared directly. 

The  U. S. Salinity Laboratory Staff (19S4)335 Iias used the 
third criterion in establishing tlie list of salt tolerance of 
variniis crops shown in Table 17-6. Tlicsc salt tolerance 
values are based upon the conductivity of tlie saturation ex- 
tract (EC,.) expressed in mmhos/cm a t  which a SO per cent 
dccremcnt in yield ma): he expected whcn compared to 

..I, 

. 1 

"" 

- .+. 

TABLE v-7-soil Solinities in Root Zone at which Yield 
Reductions become Significant 

Crop Electrical conductivity 01 saturation extracts (ECJ at 
which yields deuease by about I O  per centa 

Oats palm.. ......................................... 
Pomegranate 

Olive 
Grape.. ............................................. 
Muskmelon.. ........................................ 
Orange. flapelruil. Ismone.. ........................... 
Apple. pear., ........................................ 
Plum, prune. reach. :pricot. almond.. ......... 
Boysenberry, blackberry. raspbarrye.. . 

..................................... 

Avocado.. ...................... 
Strawberry,, ........................................ 

mmh/cm at 25 C 
8 

C 6 b  

4 
3.5 
3-2.5 
2.5 
2.5 

2.5-1.5 
2 
1.5 

* In nprilerous soils. EC. readings lor given soil salinities are about 2 mmh/cm hifier than lor nonapriferOUS 

b Estimalcd. 
e Lemon is more rsndtive Uun orange and flrptlruil; nspbeq more Uun boyrsnbeq and blaCkbtrV. 

so i l i  Oats palm would ba InKbd 11 I O  mmh/cm, grapes at 6 mmh/cm. &. on npdlerous so ib 

Bernslein 1965b214. 
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TABLE V-8-Salt Tolerance of Ornamental Shrubs EC, in mrnho/cin. at 25 C 

(Madmum EL'aloCalod) 
0 2 4 6 8 I O  I? 14 16 I 8  20 2? 
I I I I I I I I I ' I l  

..... ...... I . .  Tolennl ModMaIOb IOlmId fendtive Very aandtim Barley' -1 ..' : : . .  . . .  . .  . .  
&IO 

brias aandiflora 
(Nalal plum) 

&upinrill w ap&abiIir 
(Bngainrillea) 

Norium olwndM 
(oleander) 

Roamarinua IakwMdi 
(Roamam) 

Oodonw riltov atrnpur. 
purea 

bnislemnn riminafia 
(boIUebNSh) 

4-6 2-4 2 
Dracaena sndirisa Hibivua ron.dnenda Ilea canula Burford 

Theja wiecWit Hi~dna E o m n s h  Hudm awicnsr 

Juniprur cidnmda Tntheloaprmum lar Feijoa relloaiana 
(spreading juniper) minmdaa (alar jarmino) (pineapple guan) 

Euonymua japomra Viburnum linua robuabm Rosa ap. (var. Grenoblo 
;r~ndiflnn 

Ltnlana camara 
Ebwgnua pun;ona 
(SlVMbenl) 

Xyloama renticosa 
Pinorparum lnbira 

nr. Brillianlo (Burlard holly) 

(arbor rilao) (hwvonly bamboo) (AlgeriUl ivy) 

roao on Or. Huo, root) 

PyrIunVla GIlbMi 
Liguatrum luddum 

(Tour pivat) 
Buiua miuophylb iaponie 

(Japanso boxwood) 

yields of that plant grown on a nonsaline soil under com- 
parable growing conditions. \\"ark has been done by many 
investigators, based upon both field and greenhouse re- 
search, to evaluate salt tolerance of a broad variety of plants. 
I n  general, where comparable criteria were used to assess 
salt tolerance, results obtained were most often in agreement. 
Recent svork on the salt tolerance of fruit crops is shown in 
Table V-7, and for ornamentals in Table 17-8. 

Rernstein (I965a3I3) gave EC, values causing IO, 25, and 
-- =,n per ce.".t decrements fcr v2riets. of fip!d and 
crops from late seeding stage to maturity, assuming that 
sodium or chloride toxicity was not a growth deterrent. 
These values are shown in Figures V-I,  V-2, and V-3. The 
data suggested that the effects of EC, values producing I O  
to 50 per cent decrements (within a range of EC, values of 
8 to I O  mmh/cm for many crops) may be considered ap- 
proximately linear, but for nearly all crops the rate of change 

EC, - " , either steepens or flattens slightly as the yield 
AEC, 

decrements increase from less than 25 to more than 25 per 
cent. Bernstein ( 1 9 6 5 ~ i ) ~ ' ~  also pointed out that most fruit 
crops were more sensitive to salinity than were field, 
forage, or vegetable crops. The  data also illustrated the 
highly variable effect of EC. values upon different crops 
and the nonlinear response of some crops to increasing con- 
centrations of salt. 

In  considering salt tolerances of .crops, ECe values were 
used. These values were correlated with yields at field 
moisture content. If soils were allowed to dry out excessively 
between irrigations, yield reductions were much greater, 
since the total soil water stress is a function of both matric 
suction and solute suction and increases exponentially on 

. .  . . .  
Sugarbecis' --I . . .  t r + l  . -.:...:. . . .  . . .  
Cll",~ 

. .  ..... ; .... 
Safflowcr 

Rye . .  . .  . .  . .  . .  . .  
I \\%carb 

Oats 

. .  
Sorghum _______I 

k y b c d n  

: ,.. ' .. .. i 

Broadbean . . .  . . .  . . .  . . .  . . .  . . .  Flax 
Sunflower . : : . . .  Castor bcan . . .  . . .  . . . .  . .  . . . .  

Beans . . .  . .  : ' 50% Yield Reduction 
: 25% 
1 0 %  

1 1 1 1 1 1 1 1 1 1 1 ]  

"The indicated salt tolerances apply l o  the period of rapid plant 
growth and maturation. from the late reeding stdie upward. Crops in 
each category are ranked in order of decreasine .salt toleranor Wid!h nf 
the b r r  n e v i  t o  euch crop indicates the effect of increasing salinity on 
yield. Crossliner are placed at 10. 25.  and 50 per cent yield reductions. 
ApproTimate rank i n  order of deereasinn salt tolerance is indicated for 
addit ional crops for most of which complete data are lacking. (Bower  
prrsoml  conrrnitnicu~inn I 972)238 

bLers tolerant during seeiilinz stage. Salinity s t  this stage should not  
esceed 4 or 5 rnmholcm. ECe. 

cSenritive during germination. S i l in i ty  should not  exceed 3 
m m h o l e m  during germination. 

dLerr tolerant during f lowering and secdset as w e l l  ds dur ing the 
seedling stage. Salinity at sensitive stages should n o t  exceed 4 
mmholem. ECe of soi l  water. 

0 
fl 
0 

* 

a 
0 
0 
0 
U 

0 

FIGURE V-I-Salt Tolerance of Field Cropsa 

drying (Bernstein I 965a).3'3 Good irrigation management 
can minimize this hazard. 

Nuvrivionai EtTecvs 

Plants require a blanced nutrient content in the soil 
solution to maintain optimum growth. Use of saline water 
for irrigation may or may not significantly upset this nutri- 
tional balance depending upon the composition, concentra- 
tion, and volume of irrigation water applied. 
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EC, in rnmholcm at 2 3  C 

. 

I 

c 

i 

Some of the possible nutritional effects were summarized 

High concentrations of calcium ions in the solution 
may prevent the plant from absorbing enough potas- 
sium, or high concentrations of other ions may affect 
the uptake of sufficient calcium. 

Different crops vary widely in their requirements for 
given nutrients and in their ability to absorb them. 
Nutritional effects of salinity, therefore, appear only 
in certain crops and only when a particular type of 
saline condition exists. 

Some varieties of a particular crop may be immune 
to nutritional disturbances, while other varieties are 
severely affected. High levels of soluble sulfate cause 
internal browning (a calcium deficiency symptom) in 
some lettuce varieties, but not in others. Similarly, 

by Bernstein (1965a)313 as follows: 

E& in mmholcm at 23 C 

0 2 4 6 8 IO 12 14 16 I8 20 22 
1 1  1 1 1 1 I  I I I I l  

Bermuda grass 
Alkali sacaton. Saltgrass .-4 
Nuttallalkali grass : : ... . .  . .  . .  I Tall wheatgrass I -  .. : 

..... ..... 
Qested wheatgrass ..... ...... 

Rhodes grass. RcscuC grass ......... 
Canada wild rve 
Western wheatgrass 

. .  . .  . .  Tall fcscuc 
.. I : . . .  . . :  

Barks hzyb 1 
: ; :  sweet cIo\,Crs 
: : :  ; : :  

I t*:::3.- Perennial rye . .  .- I ;  i Mountain brome 
. . .  

Birdsfoot trefoil 

Bcardless wildr, 

Dallis grass. Sudan grass 
Hubam closcr 

. . :  Rye ha). Odl hay . .  . . .  . . .  . . :  Wheat havb . .  . . .  
Orchardgrass 

Blue grama 
: ; ;. 

) i  

Clovers. alsike .: red ... 

Meadow foxtail : .  . 
Reed canary, Big trefoil 

Tall mcadow oatgrass. Burnet : ;  .... 
0 ..::., y . 

: : : Smooth bromc. Milkvetch .... 

-0% Yield Reduction 
: 25% 
10% 

aSee Figure V-1. (Bower pcrsonnl ronrmunicnrion 1972)338 

bLers lalerant during seedling stage. Salinity at  this state should 
not exceed 4 or 5 mrnholcm. ECe. 

0 2 4 6 8 10 I ?  14 16 
l I I I ~ l l ' 1  

B C C I S ~  
Asparagus 
Kale 

Spinach 

Tomato 
. . .  . . .  . . .  . . .  . . .  

Broccoli 

. . .  
Cabbage 

Cauliflower 

. . .  
Potato 

Corn 

Swectpotato . . .  . . .  . . .  . . .  . .  . .  -----+-J-&% . .  . . .  Lcttucc 
: :  : . . .  . . .  

Bell pcppcr . . .  . . .  
Onion 

Carrot . . .  
. . .  . . .  . . .  
: : :  

Cucumber. Peas 
Squash, Radish 
Cclcry 

Beans 

i i 60% Yield Reduction 
: 2596 
105% 

l I I I I 1 ' 1 1  

'See Figure V-I. (Bower personal communicnrion 1972)338 

bSensitive during germination. Salinity should not  exceed 3 
mmholcm ECe during germination. 

FIGURE V-3-Salt Tolerance of Vegetable Crops. 

high levels of calcium cause greater nutritional dis- 
turbances in some carrot varieties than in others. 
Chemical analysis of the plant is useful in diagnosing 
these effects. 

At a given level of salinity, growth and yield are 
depressed more when nutrition is disturbed than when 
nutrition is normal. Nutritional effects, fortunately, 
are not important in most crops under saline con- 
ditions; when they do occur, the use of better adapted 
varieties may be advisable. 

Recomrnendotion 

Crops vary considerably in their tolerance to soil 
salinitv in the root zone, and the factors affecting FIGURE V-%Salt Tolerance of Forage Cropss -" ~ 

i 
I 

I 
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the soil solution and crop tolerance are varied and 
complex. Therefore, no recommendation can be 
given for these. For specific crops, however, it is 
recommended that the salt tolerance values (EC,) 
for a satuiation extract established by the U.S. 
Salinity Laboratory Staff be used as a guide for 
production. 

Yemperature 

The temperature of irrigation water has a direct and 
indirect effect on plant growth. Each occurs when plant 
physiological functions are impaired by excessively high or 
excessively low temperatures. The exact water temperatures 
a t  which growth is severely restricted depends on method of 
water application, atmospheric conditions at  the time of 
application, frequency of application, and plant species. 
All plant species have a tempeature range in which they 
develop best. These temperature limits vary with plant 
species. 

Dirprt effrrt on plant growth frnm pxtrem.? temperrtur~ 
of the irrigation water occurs when the water is first applied. 
Plant damage results only from direct contact. Normally, 
few problems arise when excessively warm water is applied 
by sprinkler irrigation. The effect of the temperature of the 
water on the temperature of the soil is negligible. I t  has 
been demonstrated that warm water applied through a 
sprinkler system has attained ambient temperatures at  the 
time it reaches the soil surface (Cline et al. I 969).318 \Vater 
as warm as 130 F can be safely used in this manner. Cold 
water is harmful to plant growth when applied through a 
sprinkler system. It  does not change in temperature nearly 
so much as the warm water. However, its effect is rarely 
lethal. 

Surface applied water that is either very cold or very 
warm poses greater problems. Escessive warm water can- 
not be used for surface irrigation and cold water affects 
plant growth. The  adverse effects of cold water on the 
growth of rice were suddenly brought to the attention of 
rice growers when cold water was first released from the 
Shasta Reservoir in California (Raney 1963).332 Summer 
water temperatures were suddenly dropped from about 
61 F to 45 F. Research is still proceeding, and some of the 
available information was recently reviewed by Raney and 
hlihara (1967).334 Dams such as the Oroville Dam are now 
being planned so that water can be withdrawn from any 
reservoir depth to avoid the cold-water problem. Warming 
basins have been used (Raney 1959).333 There are oppor- 
tunities in planning to separate waters-the warm waters for 
recrea tinn 2nd sgriciJ!ti?re, the cd.1 -::z!ers f ~ r  &&*;;a:cr 
fish, salmon spawning, and other uses. The exact nature of 
the mechanisms by which damage occurs is not completely 
understood. 

Indirect effect of the temperature of irrigation water on 
plant growth occurs as a result of its influence on the tem- 
perature of the soil. The latter affects the rate of water 

uptake, nutrient uptake, translocation of metabolites, and, 
indirectly, such factors as stomatal opening and plant water 
stress. All these phenomena are well documented. The  effect 
of the temperature of the applied irrigation water on the 
temperature of the soil is not well described. This effect is 
probably quite small. 

Conclusion 

Present literature does not provide adequate data 
to establish specific temperature recommendations 
for irrigation waters. Therefore, no specific recom- 
mendations can be made at  this time. 

Chlorides 

Chlorides in irrigation waters are not generally toxic to 
crops. Certain fruit crops are, however, sensitive to chlorides. 
Bernstein ( 1  967)3'2 indicated that maximum permissible 
chloride concentrations in the soil range from I O  to 50 
milliequivalents (meq)/l for certain sensitive fruit crops 
(Tzh!p \*7-Cl), 

tions in irrigation water, values up to 20 meq/l can be used, 
depending upon environmental conditions, crops, and irriga- 
tion management practices. 

Foliar absorption of chlorides can be of importance in 
sprinkler irrigation (Eaton and Harding 1 959,319 Ehlig and 
Bernstein 1 95g33). The adverse effects vary between evapo- 

. .  
tnrmr -6- ..,.--."".Ll- - L l - - : J -  - - - -  -*..- 
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TABLE V-9-Salt Tolerance of Fruit Crop Varieties and 
Rootstocks and Tolerable Chloride Levels in the Saturation 

Extracts 

Crop 
Tolerable levels 01 

chloride in saturation 
ortract 

Rwtstock or variety 

Citrus.. ........................ 

Stone fruit., .................... 

Armdo.. ...................... 

Rooklocks 
Rangpur lime, Cleopatra mandarin 
Rough lemon, ttngelo. s u r  orange 
Sweet orange. citnnge 
Marianna 
Lovell. Sblil 
Yunnan 

West Indian 
Mexican 

mep/l 
25 
15 
10 
25 
to 
7 

8 
5 

Varieties (V) and R ~ l t l ~ k s  ( R )  

Gnp. 
Salt Cr&. 1613.3 
D q  Rid;e 
Thompron Seedless, Perletts 
Cardid. Black Rosa 

40 
30 
20 
10 

Varieties 

Benicn.. ....................... 

Stnwbem. ..................... 

' Boynntwny 
Obllie blackbm 

, Indian Summa raspberry 
buen 

, Shsta 
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rative conditions of day and night and the amount of 
evaporation that can occur between successive wettings 
(Le., time after each pass with a slowly revolving sprinkler). 
There is less effect with nightime sprinkling and less effect 
with fixed sprinklers (applying water at a rapid rate). 
Concentrations as low as 3 meq/l of chloride in irrigation 
water have been found harmful when used on citrus, stone 
fruits, and almonds (Bernstein I 967).3'? 

Conclusion 

Permissible chloride concentrations depend upon 
type of crop, environmental conditions and man- 
agement practices. A single value cannot be given, 
and no limits should be established, because detri- 
mental effects from salinity per se ordinarily deter 
crop growth first. 

Bicarbonates 

High bicarbonate water may induce iron chlorisis by 
making iron unavailable to plants (Brown and IVadleigh 
1955)."' Problems have been noted with apples and pears 
(Pratt 19G6)330 and with some ornamentals (Lunt et al. 
195G).3?3 Although concentrations of 10 to 20 mcq/l of 
bicarbonate can cause chlorosis in some plants, i t  is of little 
concern in the field where precipitation of calcium carbo- 
nate minimizes this hazard. 

Conclusion 

Specific recommendations for bicarbonates can- 
not be given without consideration of other soil 
and water constituents. 

to plant groivth. Concentrations high enough to adversely 
affect plant growth or composition are seldom, if ever, 
found. In arid regions, high nitrate water may result in 
nitrate accumulations in the soil in much the same manner 
as salt accumulates. The  same soil and water management 
practices that minimize salt accumulation will also minimize 
nitrate accumulation. There is some concern over the high 
nitrate content of food and feed crops. hlany factors such as 
plant species characteristics, climate conditions, and 
growth stage are just as significant in determining nitrate 
accumuIations in plants as the amount present in the soil. 
I t  is unlikely that any nitrate added in natural irrigation 
water could be a significant factof. 

Problems may arise where waste waters containing rela- 
tively large amounts of nitrogenous materials are used for 
irrigation. Larger amounts are usually applied than that 
actually required for plant growth. These wastes, ho\vcver, 
usually contain nitrogen in a form that is slo\vly converted 
to nitrate. Nevertheless, it is possible that high nitrate ac- 
cumulations in plants may occur although littlc cvidencc is 
available to indicate this. 

Conclusion 

Since nitrate in natural irrigation waters is 
usually an asset for plant growth and there is 
little evidence indicating that it  will accumulate 
to toxic levels in irrigated plants consumed by 
animals, there appears to be no need for a recom- 
m'endation. 

Effects on Soils 

Sodium Sodium Hazard Sodium in irrigation water may be- 

The presence of relatively high concentration of sodium 
in irrigntinn waters affects irrigated crops in many ways. 
In addition to its effect on soil structure and permeabilit)., 
sodium has been found b y  Lilleland et ai. (1945)3?2 and 
Ayers et al. (1952)311 to be absorbed by plants and cause 
leaf burn in almonds, avocados, and in stone fruits grown 
in culture solutions. Rernstein (1 9G7)3'? has indicated that 
water having SAR* values offour to eight may injure sodium- 
sensitive plants. I t  is difficult to separate the specific toxic 
effects of sodium from the effect of adsorbed sodium on soil 
structure. (This factor will be discussed later.) 

As has been noted, the complex interactions of the total 
and relative concentrations of these common ions upon 
various crops preclude their consideration as individual 
components for general irrigation use, except for sodium 
and possibly chlorides in areas where fruit would be im- 
portant. 

come a problem in the soil solution as a component of total 
salinity, which can increase the osmotic concentration, and 

sodium mainly occur in soil structure, infiltration, and per- 
meability rates. Since good drainage is essential for managr- 
ment of salinity in irrigation and for reclamation of saline 
lands, good soil structure and permeability must be main- 
tained. A high percentage of exchangeable sodium in a soil 
containing swelling-type clays results in a dispersed condi- 
tion, which is unfavorable for water movement and plant 
growth. Anything that alters the composition of the soil 
solution, such as irrigation or fertilization, disturbs the 
equilibrium and alters the distribution of adsorbed ions in 
the soil. When calcium is the predominant cation adsorbed 
on the soil exchange complex, the soil tends to have a 
granular structure that is easily worked and readily perme- 
eable. When the amount of adsorbed sodium exceeds 10 to 
15 per cent of the total cations on the exchange complex, 

as a sp"i;fic j O i i i C E  of :+qj fruits, T!:e pr&!cm.s nf 

- 
Nitrate the clay becomes dispersed and slowly permeable, unless a 

high concentration of total salts causes flocculation. IVhere 

flocculated because of the presence of free salts in solution, 
subsequent removal of salts by leaching will cause sodium 

The presence of nitrate in natural irrigation waters may 
be considered an asset rather than a liability with respect 'Oils have a high exchangeable sodium content and are 

For definition of SAR, Sodium Adsorption Ratio, see p. 330. 



dispersal, unless leaching is accomplished by adding calcium 
or  calcium-producing amendments. 

Adsorption of sodium from a given irrigation water is a 
function of the proportion of sodium to divalent cations 
(calcium and magnesium) in that water. To estimate the 
degree to which sodium will be adsorbed by a soil from a 
given water when brought into equilibrium with it, the 
Salinity Laboratory ( 1954)”5 proposed the sodium adsorp- 
tion ratio (SAR): 

Na+ _ -  
Expressed as me/l 

As soils tend to dry, the SAR value of the soil solution in- 
creases even though the relative concentrations of the ca- 
tions remain the same. This is apparent from the SAR 
equation, where the denominator is a square-root function. 
This is a significant factor in estimating sodium effects on 
soils. 

The S A R  value can be related to the amount of ex- 
changeable cation content. This latter value is called the 
exchangeable sodium percentage (ESP). From empirical 
determinations, the U. S. Salinity Laboratory ( 19j4)335 
obtained an equation for predicting a soil ESP value based 
on the SAR value of a water in equilibrium with it. This is 
exprcssed as follows: 

The  constants “a” (intercept representing experimental er- 
ror) and “by’ (slope of the regression line) were deter- 
mined statistically by various investigators who found “a” 
to be in the order of -0.06 to 0.01 and “b” to be within the 
range of 0.014 to 0.016. This relationship is shown in the 
nomogram (Figure V-4) developed by the U. S. Salinity 
Laboratory ( I  954).335 For sensitive fruits, the tolerance 
limit for SAR of irrigation water is about four. For general 
crops, a limit of eight to 18 is gcnerally considered within a 
usable range, although this depends to some degree on the 
type of clay mineral, electrolyte concentration in the water, 
and other variables. 

The  ESP value that significantly affects soil properties 
varies according to the proportion of swelling and non- 
swelling clay minerals. An ESP of IO to 15 per cent is 
considered excessive, if a high percentage of swelling clay 
minerals such as montmorillonite are present. Fair crop 
growth of alfalfa, cotton, and even olives, have been ob- 
served in soils of the San Joaquin Valley (Califnmia) with 
ESP values ranging from 60 to 70 percent (Schoonover 
1963).336 

Prediction of the equilibrium ESP from SAR values of ir- 
rigation waters is complicated by the fact that the salt con- 
tent of irrigation water becomes more concentrated in the 
soil solution. According to the U. S. Salinity Laboratory 

(1954),335 shallow ground waters IO times as saline as the 
irrigation waters may be found within depths of IO feet, and 
a salt concentration two to three times that of irrigation 
water may be reasonably espected in the first-foot depth. 
Under conditions where precipitation of salts and rainfall 
may be neglected, the salt content of irrigation water will 
increase to higher concentrations in the soil solution without 
change in relative composition. The  SAR increases in 
proportion to the square root of the concentration; there- 
fore, the SAR applicable for calculating equilibrium ESP 
in the upper root zone may be assumed to be two to three 
times that of the irrigation water. 

Recommendation 

To reduce the sodium hazard in irrigation water 
for a specific crop, it is recommended that the SAR 
value be within the tolerance limits determined by 
the U.S. Soil Salinity Laboratory Staff. 

Biochemical Oxygen Demand (BOD) and 
Soil Aeration 

The need for adequate oxygen in the soil for optimum 
plant growth is well recognized. To  meet the oxygen re- 
quirement of the plant, soil structure (porosity) and soil 
water contents must be adequate to permit good aeration. 
Conditions that develop immediately following irrigation 
are not clearly understood. 

Soil aeration and osygen availability normally present no 
problem on well-structured soils with good quality water. 
\\?here drainage is poor, osygen may become limiting. 
Utilization of waters having high BOD or Chemical Ossgen 
Demand (COD) values could aggravate the condition by 
further depleting available osygen. Aside from detrimental 
effects of osygen deficiency for plant growth, reduction of 
elements such as iron and manganese to the more soluble 
divalent forms may create tosic conditions. Other biological 
and chemical equilibria may also be affected. 

There is very little information regarding the effect of 
using irrigation waters with high BOD values on plant 
growth. Between source of contamination and point of ir- 
rigation, considerable reduction in BOD value may result. 
Sprinkler irrigation may further reduce the BOD value of 
water. Infiltration into well-drained soils can also decrease 
the BOD value of the water without serious depleting the 
oxygen available for plant growth. 

Acidity and Alkalinity 

The pH of normal irrigation water has little direct sig- 

buffered system (except for extremely sandy soils low in 
organic matter), the p H  of the soil will not be significantly 
affected by application of irrigation water. There are, how- 
ever, some estremes and indirect effects. 

Water having pH values below 4.8 applied to acid soils 
over a period of time may possibly render soluble iron, 

Cif;.C.CCP. c i x e  \.!ltPC it.c!f iz -dxKereb, Gx! :he x i !  is a 
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aluminum, or manganese in concentrations large enough to 
be toxic to plant growth. Similarly, additions of saline 
waters to acid soils could result in a decrease in soil pH and 
an  increase in the solubility of aluminum and manganese. 
I n  some areas where acid mine drainage contaminates water 
sources, pH values as low as I .8 have been reported. \\raters 
having unusually low pH values such as this would be 
strongly suspect of containing toxic quantities of certain 
heavy metals or other elements. 

Waters having pH values in excess of 8.3 are highly 
alkaline and may contain high concentrations of sodium, 
carbonates, and bicarbonates. These constituents affect soils 
and plant growth directly or indirectly, (see “Effects on 
Plant Growth” above). 

Recommendation 

Because most of the effects of acidity and alka- 
linity in irrigation waters on soils and plant growth 
are indirect, no specific pH values can be recom- 
m-ended; Hc?wever, water with pu vn!.les i” t h e  
range of 4.5 to 9.0 should be usable provided that 
care is taken to detect the development of harmful 
indirect effects. 

Suspended Solids 

Deposition of colloidal particles on the soil surface can 
produce crusts that inhibit water infiltration and seedling 
emergence. This same deposition and crusting can reduce 
soil aeration and impede plant development. High col- 
loidal content in water used for sprinkler irrigation could 
i c b ~ i l i  iii depuitiun of fiims on iea: surfaces that couid re- 
duce photosynthetic activity and thereby deter growth. 
\Vhere sprinkler irrigation is used for leafy vegetable crops 
such as lettuce, sediment may accumulate on the growing 
plant affecting the marketability of these products. 

In surface irrigation, suspended solids can interfere with 
the flow of water in conveyance systems and structures. 
Deposition of sediment not only reduces the capacity of 
these systems to carry and distribute water but can also 
decrease reservoir storage capacity. For sprinkler irrigation, 
suspended mineral solids may cause undue wear on irriga- 
tion pumps and sprinkler nozzles (as well as plugging up the 
latter), thereby reducing irrigation efficiency. 

Soils are specifically affected by deposition of these sus- 
pended solids, especially when they consist primarily of 
clays or colloidal material. These cause crust formations 
that reduce seedling emergence. In  addition, these crusts 
reduce infiltration and hinder the leaching of saline soils. 
The  scouring action of sediment in streams has also been 
found to affect soils adversely by contributing to the dissolu- 
tion and increase of salts in some areas (Pillsbury and Blaney 
1966).33’ Conversely, sediment high in silt may improve the 
texture, consistency, and water-holding capacity of a sandy 
soil. 

_-_ 

Effect on Animals or Humans 

The effects of irrigation water quality on soils and plants 
has been discussed. However, since the quality of irrigation 
water is variable and originates from different sources, there 
may be natural or added substances in the water which pose 
a hazard to animals or humans consuming irrigated crops. 
These substances iriay be accumulated in certain cereals, 
pasture plants, or fruit and vegetable crops without any 
apparent injury. Of concern, however, is that the concen- 
tration of these substances may be toxic or harmful to 
humans or animals consuming the plants. Many substances 
in irrigation waters such as inorganic salts and minerals, 
pesticides, human and animal pathogens have recommenda- 
tions to protect the desired resource. For radionuclides no 
such recommendation exists. 

Radionuclides 

There are no generally accepted standards for control of 
radioactive contamination in irrigation water. For most 
radionuclides, the use of fedcral Drinking \\’ater Standards, 
should be reasonable for irrigation water. 

The limiting factor for radioactive contamination in ir- 
rigation is its transfer to foods and eventual intake by 
humans. Such a level of contamination would be reached 
long before any damage to plants themselves could be ob- 
served. Plants can absorb radionuclides from irrigation 
water in two ways: direct contamination of foliage through 
sprinkler irrigation, and indirectly through soil contamina- 
tion. The lattcr presents many complex problems since 
eventual concentration in the soil will depend on the rate 
of water application, the rate of radioactive decay, and 
other losses of the radionuclide from the soil. Some studies, 
relating to these factors have been reported (hlenzel et al. 
1 963,326 hfoorby and Squire 1963,323 Perrin 1963,3?9 hlenzel 
1965,3?5 hfilbourn and Taylor 1965”’). 

It is estimated that concentrations of strontium-90 and 
radium-226 in fresh produce would approximate those in 
the irrigation water for the crop if there was negligible up- 
take of these radionuclides from the soil. With flood or fur- 
row irrigation only, one or more decades of continuous ir- 
rigation with contaminated water would be required before 
the concentrations of strontium-90 or radium-226 in the 
produce equalled those in the water (Menzel personal corn- 
municalion 1972).339 

Recommendation 

In view of the lack of experimental evidence con- 
cerning qhe long-term accumulation and avail- 
ability of strontium-90 and radium-226 in irrigated 
soils and to provide an adequate margin of safety, 
i t  is recommended that Federal Drinking Water 
Standards be used f,or irrigation water. 
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SPECIFIC IRRIGATION WATER CONSIDERATIONS 

Irrigation Water Quality for Arid and Semiarid Regions 

Climate. Climatic variability exists in arid and semiarid re- 
gions. There can he heavy winter precipitation, generally in- 
creasing from south to north and increasing with 'elevation. 
Summer showers are common, increasing north and east 
from California. Common through the western part of the 
country is the inadequacy of precipitation during the grow- 
ing season. In  most areas of the \Vest. intensive agriculture is 
not possible without irrigation. Irrigation must supply at  
least one-half of all the soil water required annually for 
crops for periods ranging from three to 12 months. 

Annual precipitation varies in the western United States 
from practically zero in the southwestern deserts to more 
than 100 inches in the upper western slope of the Pacific 
Northwest. The  distribution of precipitation throughout the 
year also varies, with no rainfall during extended periods in 
many locales. Often the rainfall occurs during nongrowing 
seasons. 

T h e  amount of precipitation and its distril~ution is one of 
the principal varialiles in determining the diversion rcquire- 
ment or dcmand for irrigation water. 

Lurid. Soils in the semiarid and arid rcgions \\'ere developcd 
under dry climatic conditions with little leaching of weather- 
able minerals i n  the surface horizoii. Conscquentl!., these 
soils are Ixtter supplied \\.it11 most nutrient elements. The  
pN of these soils \:aria from Ixing slightly acidic to ncutral 
or alkaline. The  presence of silicate clay minerals of the 
montmorillonite and hydrous mica groups i n  many of these 
soils gives them a higher exchange capacity than those of 
the southeast, which contain kaolinite minerals of lower ex- 
change capacity. However, organic matter and nitrogen 
contents of arid soil are usually lower. Plant deficiencies of 
trace elements such as zinc, iron, manganese are more fre- 
quently encountered. Because of the less frequent passage 
of water through arid soils, they are more apt to lie saline. 

The  nature of the surface horizon (plow layer) and the 
subsoil is especially important for irrigation. During soil 
formation a profile can develop consisting of various hori- 
zons. The horizons consist of genetically related layers of 
soil or soil material parallel to the land surface, and they 
differ in their chemical, physical, and biological properties. 
Thc  productivity of a soil is largely determined by the na- 
ture of these horizons. Soils available for irrigation with 
restrictive or impervious horizons present management 
problems (e.g., drainage, aeration, salt accumulation in 
root zone, changes in soil structure) and consequently are 
not the best for irrigated agriculture. 

Other land and soil factors of importance to irrigation are 
topography and slope, which may influence the choice of 
irrigation method, and soil characteristics. The  latter are 
extremely important Ixcause they determine the usable 
depth of water that can be stored in the root zone of the 
crop'and the erodability and intake rate of the soil. 

Water f o r  Irr igafion/333 

Water. Each river system within the arid and semiarid por- 
tion of the United States has quality characteristics peculiar 
to its geologic origin and climatic ervironment. In  consider- 
ing water quality characteristics as related to irrigation, both 
historic and current data for the stream and location in 
question should be used with care because of the large 
seasonal and sporadic variations that occur. 

The  range of sediment concentrations of a river through- 
out the year is usually much greater than the range of dis- 
solved solids concentrations. h4aximum sediment concentra- 
tions may range from 10 to more than a thousand times the 
minimum concentrations. Usually, the sediment concentra- 
tions are higher during high flow than during low flow. 
This differs inversely from dissolved-solids concentrations 
that are usually lower during high fl0n.s. 

Four general designations of water have bccn used 
(Rairnvatcr 1 9G2)3fi1 based on their chemical composition: 
(I) calcium-magnesium, carbonate-l,icarl~onate; (2) cal- 
cium-magnesium, sulfate-chloride; (2) sodium-potassium, 
carl)onate-bicarbonate; and (4) sodium-potassium, sulfate- 
chloride. This type of classification characterizes the chem- 
ical properties of the water and would be indicati\.e of re- 
actions that could Ix espected \<.it11 soil whcn used for ir- 
rigation. .4lthough a listing of data for each stream and 
tributary is beyond the scope of this report, an indication of 
ranges in dissolved-solids concentrations, chemical type, and 
sediment concentration is given in T a l k  V-10 (Rainwater 

Customarily, each irrigation project diverts water at  one 
point in the river and the return flow comes back into the 
mainstream s o m e \ \ h ~ e  below the system. This return flow 
consists i n  the main of ( I )  regulatory water, which is the 
unused part of the diverted water required so tliat each 
farmer irrigating can have the esact flow he has ordered; 

1962)."l 
, 

c 

TABLE V-10-Voriotions in Dissolved Solids, Chemical Type,  
ond Sediriient in Rivers in Arid ond Semiarid United Stotes 

Dissolved solids Sedirnenl 
Region corrcsntralionr. Prevalenl chemical lpe'  concentrations, 

m i l l  mg/P 
From To From To 

Columbia River Basin.. ........ <lo0 300 
Northern California ............ <100 7W 
Soulhern California.. .......... <IO0 +?.OW 
Colorado River Basin ........... <IO0 +2.500 
Rio Grande Basin.. ........... <lo0 +?.Do0 
P m  River Basin.. ........... 100 +%OW 
Weslern Gulf of Mexico Basins . 100 +3,W 
Red River Basin ............... <lo0 1 2 . 5 0 0  
Arkansas River Basin.. ........ 100 +Z,W 
Plane River .................. 100 +1.500 
Upper Missouri River Basin ..... 100 +2.000 

Ca.Mg,C.b .......................... <2W 300 
Ca.Mg. C-b ......................... <ZOO +SO 
b M g ,  C-b: Ca.Mg, S.C ............. <ZOO +15.000 
Ca.Mg. S-C; Cr.Mg. C h . .  . . . . . . . . . . .  <BO +15.000 
C n M g ,  C.b; Ca-Mg. S.C., ........... +3wI +50.000 
WMg. S.C.. ....................... +300 +7,WO 
Ca.Mg. C.b; Ca.Mg. S.C; Na.P. S.C ... <ZOO C10.000 
Ca.Mg, S-C; Na.P, S.C ............... +300 +25.000 
Ca.Mg. S-C; C a M  C.b: Na.P. S.C ... +300 +30.0W 
Ci+Mg. C-b; Ca-Mg, S.C.. ........... +IO0 +7.WO 
Ca.Mg. S.C; N1.P. C.b: Na.P. C.b .... <ZOO 4-15.W 

a Ca-MI.  C.b-Cdldum-magnstium. WrbONtE.biCdrbOIUte. b M g .  l-C=Cakium.magnerium. sulfa1e.chlorids. 
Na-P. C.b= Sodium.potassium, urbonate.biwrboMle. Na.P, s.C= Sodiurn.polassium, sulfate.chloride. 

Annual Load 
Annual Streamflow 

b Ssdimnt canccntnlion= 

lWnwaler 1962161. 
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(2) tai: water, which is that portiuri of the water that runs 
off the ends of the .fields; and (3) underground drainage, 
required to provide adequate application and salt balance 
in all parts of the fields. The  initial flush of tail water may 
be somewhat more saline than later but rapidly approaches 
the same quality as the applied water (Reeve et al. I ~ X J ) . ~ ~ ?  

Drainage and Leaching Requiremenls. In  all irrigation agri- 
culture some water must pass through the soil to remove 
salts brought to .the soil in the water. In  semiarid areas, or 
in the transition zone between arid and humid regions, this 
drainage water is usually obtained as a result of rainfall 
during periods of low evapotranspiration, and no escess 
irrigation water is needed to provide the drainage required. 
In  many arid regions, the needed leaching must be ob- 
tained by adding excess water. In all cases, the required 
drainage volume is related to the amount of salt in the ir- 
rigation water. That drainage volume is called the leaching 
requirement (LR). 

I t  is possible to predict the approximate salt concentra- 
tion that would occur in the soil after a number of irriga- 
t i n n s  h y  e~jm-atjf iu the ~roport icn -rr..-- a n n l i d  *.-~!er -...+!! 
percolate below the root zone. In any steady-state leaching 
formula, the following assumptions are made: 

. 

0 -_ -  

0 No precipitation of salts occurs in the soil; 
0 Ion uptake by plants is negligible; 
0 There is uniform distribution of soil moisture through 

the profile and uniform concentration of salts in the 
soil moisture; 

0 Complete and uniform mixing of irrigation water 
with soil moisture takes place before any of the mois- 
ture percolates below the root zone and 

0 D,... A . L ~ ; c ! G z !  ;oil iiioijtiiie is iigligiblc. 

A steady state leaching requirement formula has been 
developed by the U.S. Salinity Laboratory ( 1954)363 de- 
signed to estimate that fraction of the irrigation water that 
must be leached through the root zone to control soil salin- 
i ty  at any specified level. This is given as: 

D d w  ECiw L R =  - = - 
Di, ECd, 

where LR is the leaching requirement; Dd,r, the depth of 
drainage water; Di,v, the depth of irrigation water; ECi,, 
the salinity of irrigation water; and the salinity of 
water percolating past root zone. 

Hence, if ECd, is determined by the salt tolerance of the 
crop to be grown, and the salt content of the irrigation 
water ECi, is known, the desired LR can be calculated. 
This leaching fraction will then be the ratio of depth of 
d ra inny  vnli.!mC tn t h . ~  depth of irr ig2tic~ %::z:p~. -rr----. - n n l ; - A  

Because the permissible values for ECd, for various yield 
decrements for various crops are not knqwn, the EC. for 
50 per cent yield reduction has been substituted for ECd,. 
The  actual yield reduction will probably be less than 50 
per cent (Bernstein 1966).340 This EC, is the assumed aver- 

age clectricai conductivity for the soil water at  saturation for 
the whole root zone. \Vhen it  is substituted for the E&,, 
the actual EC, encountered in the root zone will be less 
than this value because, in many near steady state situa- 
tions, the salinity increases progressively with increase in 
depth in the profile and is maximum at the bottom of the 
root zone. 

Bernstein ( 1967)54' has developed a leaching fraction 
formula that takes into consideration factors that control 
leaching rates such as infiltration rate, climate (evapotrans- 
piration), frequency and duration of irrigation, and, of 
course, the salt tolerance of the crops. He defines the 
leaching fraction as LF= I -ET,/ITI where LF is the leach- 
ing fraction or proportion of applied water percolating 
below the root zone; E? the average rate of evapotranspira- 
tion during the irrigation cycle, T,; and I ,  the average in- 
filtration rate during the period of infiltration, T I .  By utiliz- 
ing both the required leaching derived from the steady state 
formula 

ECiw r n -  
L1I. - 

ECd, 

and the leaching fraction based upon infiltration rates and 
evapotranspiration during the irrigation cycle, it is possible 
to estimate whether adequate leaching can be attained or 
whether adjustments must be made in the crops to be 
grown to permit higher salinity concentrations. 

In addition to determination of crops to be grown, 
leaching requirements may be used to indicate the total 
quantities of water required. For esample, irrigation water 
with a conductivity of two mmhos requires one-sixth more 
water to maintain root zone salt concentrations within 
eight mmhos than would water with a salt concentration of 
one mmhos under the same conditions of use. 

There are a number of problems in applying the leaching 
requirement concept in actual practice. Some of these relate 
to the basic assumptions involved and others derive from 
water application problems and soil variability. 

0 Considerable precipitation of calcium carbonate oc- 
curs as many irrigation waters enter the soil causing a 
reduction in the total soluble salt load. In  many 
crops, or crop rotations, crop removal of such ions 
as chloride was a significant fraction of the total 
added in waters of medium to low salinity. (Pratt 
et al. 1967)359 

0 It is not practical to apply water with complete uni- 
formity. 

0 Soils are far from uniform, particularly with respect 
to vertical hydraulic conductivity. 

0 The effluent from tile or ditch drains may not be 
representative of the salinity of water at  the bottom 
of the root zones. 

Also, there is a considerable variation in drainage outflow 
that has no relation to leaching requirement when different 



crops are irrigated (Pillsbury and Johnston 1965).357 This 
results from variations in irrigation practices for the different 
crops. 

The leaching requirement concept, while very useful, 
should not be used as a sole guide in the field. The leaching 
requirement is a long-period average value that can be 
departed from for short periods with adequately drained 
soils to make temporary use of water poorer in quality than 
customarily applied. 

The exact manner in which leaching occurs and the ap- 
propriate values to be used in leaching requirement 
formulas require further study. The many variables and as- 
sumptions involved preclude a precise determination under 
field conditions. 

Salinity Hazard. Waters with total dissolved solids (TDS) 
less than about 500 mg/l are usually used by farmers with- 
out awareness of any salinity problem, unless, of course, 
there is a high water table. Also, without dilution from 
precipitation or an alternative supply, waters with TDS of 
about 5,000 mg/l usually have little value for irrigation 
(Pillsbury and Blaney 1966).35G Within these limits, the valiu 
of the water appears to decrease as the salinity increases. 
Where water is to be used regularly for the irrigation of 
relatively impervious soil, its value is limited if  the TDS 
is in the range of 2,000 mg/l or higher. 

Recommendation 

In spite of the facts that (1) any TDS limits used 
in classifying the salinity hazard of waters are 
somewhat arbitrary; (2) the hazard is related not 
only to the TDS but also to the individual ions 
involved; and (3) no exact hazard can be assessed 
unless the soil, crop, and acceptable yieId reduc- 
tions are known, Table V-11 suggests ciassificaiimis 
for general purposes for arid and semiarid regions. 

Permeabilig Hazard. Two criteria used to evaluate the ef- 
fect of salts in irrigation water on soil permeability are: 
(1) the sodium adsorption ratio (SAR) and its relation to 
the exchangeable sodium percentage, and (2) the bicarbo- 
nate hazard that is particularly applicable to waters of arid 
regions. Another factor related to the permeability hazard 
is that the permeability tends to increase, and the stability 
of a soil at  any exchangeable sodium percentage (ESP) 
increases as the salinity of the water increases (Quirk and 
Schofield 1 955).360 

Eaton (1 950),347 Doneen (1 959),346 and Christiansen and 
Thorne (1 966)345 have recognized that the permeability 
hazard of irrigation waters containing bicarbonate was 
greater than indicated by their SAR values. Bower and 
Wilcox (1965)343 found that the tendency for calcium 
carbonate to precipitate in soils was related to the Langelier 
index (Langelier 1936)349 and to the fraction of the irriga- 
tion water evapotranspired from the soil. Bower et al. 
( 1965,344 1968)342 modified the Langelier index or precipita- 
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TABLE V-11-Recommended Guidelines for Salinity in 
Irrigation Water - 

TDS m i l l  EC mmhor/cm Classification 

Water lor which no detrimental enectr arc usually noticed.. . . . . . . . . 0.15 
Water that can hare detrimental e ~ u t r  on sensitive crops.. . . . . . . . . 0.75-1.N 
Water that can have adverse snectr on many crops; requires careful 1.50-3.00 

Water that an be usedfortotenntpbntron pcrmeableroilr withcare. Z.oa)-S,WO 3. Oh7.54 

500 
5QO-t.wO 

1.OOW.WO 
mana~ement practicer 

lul manaiement practicer 

tion index (PI) to the soil system and presented simplified 
means for calculation. The  PI \vas 8.4-pI-I,: whcre 8.4 was 
the pH of the soil and pH,, the pH that \vould bc found in a 
calcium carbonate suspension that \vould have the same 
calcium and bicarbonate concentrations as those i n  the ir- 
rigation water. For the soil system 

p 1-1 = p F;? - p F;, + p (Ca + h4g) + p.4 I k 

where pK? and pKC are the negative logarithms, rcspec- 
tively, of the second dissociation constant for carbonic acid 
and the solubility constant for calcite; p(Chfh4g) and 
pAlk are the ncgative logarithms, respcctivcly, of the molar 
concentrations of (Ca+h4g) and the titrablc alkalinity. 
hlagncsium is included primarily Ixcausc i t  reacts, through 
cation exchange, to maintain the calcium concentration in 
solution. The PI combines empiricall!. with the SAli in the 
following equation 

SAR,,= SARi,,. d C (  1 +PI)  

where S.4R,, and SAR;,,. are for the saturation extract and 
thc irrigation water, respectively, C is the concentration 
factor or the reciprocal of the leaching fraction, and PI is 

using lysimeter experiments, have sho\vn a high correlation 
betwecn the predicted and measured SAR,, with waters of 
various bicarbonate concentrations. The information avail- 
able suggested a high utility of this equation for calculating 
permeability or sodium hazard of waters. In cases where C 
is not known, a >ralue of 4, corresponding to a leaching frac- 
tion of 0.25, can be used to give relative comparisons among 
waters. In  this case the equation is 

8.4-pHc. Bower et al. (.19G8)34? and Pratt and Bair (19G9),358 
/ .  

' ,. 

SARs,=2SARi,.(l +PI). 

Data can be used to prepare graphs, from which the 
values for pKt-pK,, p(Ca+Mg), and pAlk can be ob- 
tained for easy calculation of pH,. The  calculation of pH, 
is described by Bower et al. (1965).344 

Soils have individual responses in reduction in permeabil- 
ity as the SAR or calculated SAR values increase, but ad- 
verse effects usually begin to appear as the SAR value 
passes through the range from 8 to 18. Above an SAR of 
18 the effects are usually adverse. 

Suspended Solids. Suspended organic solids in surface 
water supplies seldom give trouble in ditch distribution 



systems escept for occasional clogging of gates. They can 
also carry weed seeds onto fields where their subsequent 
growth can have a severely adverse effect on the crop or 
can have a beneficial effect by reducing seepage losses. \\'here 
surface \cater supplies are distributed through pipelines, it 
is often necessary to have self-cleaning screens to prevent 
clogging of the pipe system appliances. Finer screening is 
usually required where water enters pressure-pipe systems 
for sprinkler irrigation. 

There are waters diverted for irrigation that carry 
heavy inorganic sediment loads. The effects that these loads 
might have depend in part on the particle size and distri- 
bution of the suspended material. For example, the ability 
of sandy soils to store moisture is greatly improved after the 
soils are irrigated with muddy water for a period of years. 
More commonly, sediment tends to fill canals and ditches, 
causing serious cleaning and dredging problems. I t  also 
tends to further reduce the already low infiltration charac- 
teristics of slowly permeable soils. 

Irrigation Water Quality For Humid Regions 

Climate The most striking feature of the climate of the 
humid region that contrasts with that of the far \Vest and 
intermountain areas is the larger amount of and less season- 
able distribution of the precipitation. Abundant rainfall, 
rather than lack of it,  is the normal expectation. Yet, 
droughts arc common enough to require that attention be 
givcn to supplemental irrigation. These times of shortage of 
ivater for optimum plant growth can occur at  irregular in- 
tervals and at  almost any stage of plant growth, 

\\'ater demands per week or day are not as high in 
humid as in arid lands. But rainfall is not easily predicted. 
Thus a crop may be irrigated and immediately thereafter 
receive a rain of one or two inches. Supplying the proper 
amount of supplemental irrigation water at the right time 
is not easy even with adequate equipment and a good 
water supply. There can be periods of several successive 
years when supplemental irrigation is not required for most 
crops in the humid areas. There are times however, when 
supplemental water can increase yield or avert a crop failure. 
Supplemental irrigation for high-value crops will undoubt- 
edly increase in humid areas in spite of the fact that much 
capital is tied up in irrigation equipment during years in 
which little or no use is made of it. 

The  range of temperatures in the humid region in which 
supplemental irrigation is needed is almost as great as that 
for arid and semiarid areas. I t  ranges from that of the short 
g:~*.*:kg SCZSOG of iips~zic ?<CW i'urk ar~d iviichigan to the 
continuous growing season of southern Florida. But in the 
whole of this area, the most unpredictable factor in crop 
production is the need for additional water for optimum 
crop production. 

The soils of the humid region contrast with those 
of the \Vest primarily in being lower in available nutrients. 

soils 

They are generally more acid and may have problems with 
exchangeable aluminum. The  texture of soils is similar to 
that found in the \Vest and ranges from sands to clays. Some 
are too permeable, while others take water very slowly. 

Soils of the humid region generally have clay minerals of 
lower exchange capacity than soils of the arid and semiarid 
regions and hence lower buffer capacity. They are more 
easily saturated with anions and cations. This is an  im- 
portant consideration if irrigation with brackish water is 
necessary to supplement natural rainfall. Organic matter 
content ranges from practically none on some of the Florida 
sands to 50 per cent or more in irrigated peats. 

One  of the most important characteristics of many of the 
soils of the humid Southeast is the unfavorable root environ- 
ment of the deeper horizons containing exchangeable 
aluminum and having a strong acid reaction. In  fact, the 
lack of root penetration of these horizons by most farm crops 
is the primary reason for the need for supplemental irriga- 
tion during short droughts. 

Specific CEeieiice Betweeri Ziumici anci Arid 
Regions The effect of a specific water quality deterrent 
on plant growth is governed by related factors. Basic 
principles involved are almost universally applicable, but 
the ultimate effect must take into consideration these as- 
sociated variables. Water quality criteria for supplemental 
irrigation in humid areas may differ from those indicated 
for arid and semiarid areas where the water requirements 
of the growing plant are met almost entirely by irrigation. 

\\'hen irrigation water containing a deterrent is used, its 
effect on plant growth may vary, however, with the stage 
nfornwth a- - zt which the t.u~ter is =pp!ied. Ir. ?rid areas, p!an:s 
may be subjected to the influence of irrigation water quality 
continuously from germination to harvest. Where water is 
used for supplemental irrigation only, the effect on plants 
depends not only upon the growth stage at  which applied, 
but to the length of time that the deterrent remains in the 
root zone (Lunin et al. 1963).352 Leaching effects of inter- 
vening rainfall must be taken into consideration. 

Cliinatic differences between humid and arid regions also 
influence criteria for use of irrigation water. The amount of 
rainfall determines in part the degree to which a given 
constituent will accumulate in the soil. Other factors as- 
sociated with salt accumulation in the soil are those climatic 
conditions relating to evapotranspiration. In  humid areas, 
evapotranspiration is generally less than in arid regions, 
and plants are not as readily subjected to water stress. The 
importance of climatic conditions in relation to salinity was 
demonstrated by Magistad et al. (1943).355 In  general, 
criteria regarding salinity for supplemental irrigation in 
humid areas can be more flexible than for arid areas. 

Soil characteristics represent another significant difference 
between arid and humid regions. These were discussed 
previously. 

Mineralogical composition will also vary. The  composi- 
tion of soil water available for absorption by plant roots 
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represents the results of an interaction between the constitu- 
ents of the irrigation water and the soil complex. The  final 
result may be that a given quality deterrent present in the 
water could be rendered harmless by the soil (remaining 
readily available), or that the dissolved constituents of a 
water may render soluble toxic concentrations of an element 
that was not present in the irrigation water. An example of 
this would be the addition of a saline water to an acid soil 
resulting in a decrease in p H  and a possible increase in 
solubility of elements such as iron, aluminum, and manga- 
nese (Eriksson 1952).348 

General relationships previously derived for SAR and ad- 
sorbed sodium in neutral or alkaline soils of arid areas do  
not apply equally well to acid soils found in humid 
regions (Lunin and Batchelder 1960).35n Furthermore, the 
effect of a given level of adsorbed sodium (ESP) on plant 
growth is determined to some degree by the associated 
adsorbed cations. The amount of adsorbed calcium and 
magnesium relative to adsorbed sodium is of considerable 
consequence, espccially whcn comparing acidic soils to ones 
that are neutral or alkaline. Another example would be 
the presence of a trace element i n  the irrigation water that 
might be rendered insoluble when applied to a neutral or 
alkaline soil, but retained in a soluble, availalile form in 
acid soils. For these reasons, soil characteristics, which differ 
greatly between arid and humid areas, must tie taken into 
consideration. 

Certain economic factors also influence water quality 
criteria for supplemental irrigation. Although the ultimate 
objective of irrigation is to insure eficient and economic 
crop production, there may lie instances where an adcquate 
supply of good quality water is unavailable to achieve this. 
A farmer may be faced with the need to use irrigation water 
of inferior quality to get some economic return and prevent 
a complete crop failure. This can occur in humid areas 
during periods of prolonged drought. Water quality criteria 
are generally designed for optimum production, but con- 
sideration must be given also to supplying guidelines for use 
of water of inferior quality to avert a crop failure. 

Specific Quality Criteria for Supplemental Irri- 
gation A previous discussion (see “Water Quality Con- 
siderations for Irrigation” above) of potential quality deter- 
rents contained a long list of factors indicating the current 

, state of our knowledge as to how they might relate to plant 
growth. Criteria can be established by determining a con- 
centration of a given deterrent, which, when adsorbed on 
or absorbed by a leaf during sprinkler irrigation, results in 
adverse plant growth, and by evaluating the direct or in- 
direct effects (or both) that a given concentration of a qual- 
ity deterrent has on the plant root environment as irriga- 
tion water enters the soil. Neither evaluation is simple, but 
the latter is more complex because so many variables are 
involved. Since sprinkler application in humid areas is most 
common for supplemental irrigation, both types of evalua- 
tion have considerable significance. The following discus- 

. 

sion relates only to those quality criteria that are specifically 
applicable to supplemental irrigation. 

Sal in iv .  General concepts regarding soil salinity as pre- 
viously discussed are applicable. Actual levels of salinity 
that can be tolerated for supplemental irrigation must take 
into consideration the leaching effect of rainfall and the fact 
that soils are usually nonsaline at spring planting. The  
amount of irrigation water having a given level of salinity 
that can be applied to the crop will depend upon the num- 
ber of irrigations between leaching rains, the salt tolerance 
of the crop, and the salt content of the soil prior to irriga- 
tion. 

Since it is not realistic to set a single salinity value or even 
a range that would take these variables into consideration, a 
guide \vas developed to aid farmers in safely using saline or 
brackish \vaten (Lunin and Gallatin 1 960).351 The follo\ving 
equation was used as a basis for this guide: 

where EC,(r) is the electrical conductivity of the saturation 
extract after irrigation is completed; EC,.(,,, the elcctrical 
conductivity of the soil saturation extract before irrigation ; 
ECi,, , the electrical conductivity of the irrigation watcr; 
and n, the number of irrigations. 

To utilize this guide, the salt tolerance of the crop to be 
gro\vn and the soil salinity level (EC,(tJ that will result 
in a 15 or 50 per cent yield decrement for that crop must be 
considered. After evaluating the level of soil salinity prior to 
irrigation (ECe(i)) and the salinity of the irrigation \vatu, 
the maximum number of permissible irrigations can be 
calculated. These numbers are based on the assumption 
that no intervening rainfall occurs in quantities large enough 
to leach salts from the root zone. Should leaching rainfall 
occur, the situation couid be reevaiuared using a I I U V  \ diuc 
for EC,(i). 

Categorizing the salt tolerance of crops as highly salt 
tolerant, moderately salt tolerant, and slightly salt tolerant, 
the guide shown in Table V-12 \vas prepared to indicate 

TABLE V-12-Permissible Number of Irrigations in Humid 
Areas with Saline Water between Leaching Rains for  

Crops of Diflerent Salt Tolerancen 

lniption water Number 01 irriptiont lor crops having 

Told sans m;/l Electrical conductivity Low mlt toleram Moderate salt Hiih salt tolerana 
mmhor/cm at 25 C tolerance 

640. ............. I 
1,280.. ............ 2 
1,920. ............. 3 
2,560. ............. 4 
3,200.  ............. 5 
3,840. ............. 6 
4.480 .............. 1 
5,120.. ............ 8 

1 15 . . . . . .  
4 7 
2 4-5 
2 3 
1 2-3 
1 2 

................... 1-2 

................... 1 

. . . . . . . .  
11 
1 
5 
4 
3 

2-3 
2 

0 B r e d o n  a 50 per cent yield decremenl 
Lunin et al. 196o’u. 
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. the number of permissible irrigations using water of varying 
salt concentrations. This guide is based on two assumptions: 

o no leaching rainfall occurs between irrigations. 
o there is no salt accumulation in the soil at the start 

of the irrigation period. If leaching rains occur be- 
tween irrigations, the effect of the added salt is 
minimized. If there is an accumulation of salt in the 
soil initi'ally, such as might occur when irrigating a 
fall crop on land to which saline water had been ap- 
plied during a spring crop, the soil should be tested 
for salt content, and the irrigation recommendations 
modified accordingly. 

Recommendation 

Since it is not realistic to set a single salinity 
value or even a range that would take all variables 
into consideration, Table V-12 developed by Lunin 
et al. (1960),33 should be used as a guide to aid 
farmers in safely using saline or brackish waters 
tor supplemental irrigation in humid areas. 

SA R values and exchangeable sodiiirn. The principles relating 
to SAR values and the degree to which sodium is adsorbed 
from water by soils are generally applicable in both arid and 
humid regions. Some evidence is available (Lunin and 
Batchelder 1960),350 however, to indicate that, for a given 
water quality, less sodium was adsorbed by an acid soil 
than by a base-saturated soil. For a given level of eschange- 
able sodium, preliminar), evidence indicated more detri- 
mental effects on acid soils than on base-saturated soils 
(Lunin et al. 1964).353 

Experimental evidence is not conclusive, so the detri- 
mental limits for SAR values listed previously should also 
apply to supplemental irrigation in humid regions. (See the 
recommendation in this section following the discussion of 
sodium hazard under \Vater Quality Considerations for Ir- 
rigation.) 

Acid$ and alkalinig. The  only consideration not pre- 
viously discussed relates to soil acidity, which is more 
prevalent in humid regions where supplemental irrigation 
is practiced. Any factor that drops the p H  below 4.8 may 
render soluble toxic concentrations of iron, aluminum, and 
manganese. This might result from application of a highly 
acidic water or from a saline solution applied to an  acidic 
soil. (See the recommendation in this section follo\ving the 
discussion of acidity and alkalinity under Water Quality 
Considerations for Irrigation.) 

Trace elements. Criteria and related factors discussed in 
t h e  swtinn pn P h p t n x i c  Tract! E!PII?PII!I. ?re pqt-?=!!y 2 ~ -  

plicable to supplemental irrigation in humid regions. Cer- 
tain related qualifications must be kept in mind, however. 
First, foliar absorption of trace elements in toxic amounts is 
directly related to sprinkler irrigation. Critical levels estab- 
lished for soil or culture solutions would not apply to direct 
foliar injury. Regarding trace element concentrations in the 

soil resulting from irrigation water application, the volume 
of the water applied by sprinkler as supplemental irrigation 
is much less than that applied by furrow or flood irrigation 
in arid regions. 

In  assessing trace element concentrations in irrigation 
water, total volume of water applied and the physicochemi- 
cal characteristics of the soil must he taken into considcra- 
tion. Both factors could result in different criteria for supple- 
mental irrigation as compared with surface irrigation in arid 
regions. 

Suspended solids. Certain factors regarding suspended solids 
must be taken into consideration for sprinkler irrigation. 
The first deals with the plugging up of sprinkler nozzles by 
these sediments. Size of sediment is a definite factor, but 
no specific particle size limit can be established. If some 
larger sediment particles pass through the sprinkler, they 
can often be washed off certain leafy vegetable crops. Some 
of the finer fractions, suspended colloidal material, could 
accumulate on the leaves and, once dry, become extremely 
+.4;lc~!t !c ,...,2s!.. =F, theret..., , ;-,.-;..:..,. "", .-..... A- ... C .iUU..L, - . . - I :+ . ,  "1 -c .L.- L . L C  

product. 

PHYTOTOXIC TRACE ELEMENYS 

In addition to the effect of total salinity on plant growth, 
individual ions may cause growth reductions. Ions of both 
major and trace elements occur in irrigation water. Trace 
elements are those that normally occur in waters or soil 
solutions in concentrations less than a few mg/l with usual 
concentrations less than 100 microgram (pg)/l. Some may 
be essential for plant growth, while others are nonessential. 

\\'hen an element is added to the soil, it may combine 
with i t  to decrease its concentration and increase the store 
of that element in the soil. If the process of adding irrigation 
water containing a toxic level of the element continues, the 
capacity of the soil to react with the element will be 
saturated. A steady state may be approached in which the 
amount of the element leaving the soil in the drainage water 
equals the amount added with the irrigation water, with no 
further change in concentration in the soil. Removal in 
harvested crops can also be a factor in decreasing the ac- 
cumulation of trace elements in soils. 

In  many cases, soils have high capacities to react with 
trace elements. Therefore, irrigation water containing tosic 
levels of trace elements may be added for many years before 
a steady state is approached. Thus, a situation esists where 
toxicities may develop in years, decades, or even centuries 
from the continued addition of pollutants to irrigation 

well as on the concentration of trace elements in the water. 
Variability among species is well recognized. Recent in- 

vestigations by Foy et al. (1965),4m and Kerridge et al. 
(1971)4?5 working with soluble aluminum in soils and in 
nutrient solutions, have demonstrated that there is also 
variability among varieties within a given species. 

%i?terc. The  time -:.%!2!d dtpe::d 0:: x i !  a x !  p!zn: fzctors zs 
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Comprehensive reviews of literature dealing with trace 
element effects on plants are provided by McKee and Wolf 
(1 963),43G Bolland and Butler (1 966),378 and Chapman 
(1 966).38G Hodgson (1 963)417 presented a review dealing 
with reactions of trace elements in soils. 

In  developing a workable program to determine accept- 
able limits for trace elements in irrigation waters, three 
considerations should be recognized : 

0 Many factors affect the uptake of and tolerance to 
trace elements. The  most important of these are the 
natural variability in tolerances of plants and of 
animals that consume plants, in reactions within the 
soil, and in nutrient interactions, particularly in the 
plant. 
A system of tolerance limits should provide suficient 
flexibility to cope with the more serious factors listed 
above. 

0 At the same time, restrictions must be defined as 
precisely as possible using presently available, but 
limited, research information. 

Both the concentration of the element in the soil solution, 
assuming that steady state may be approached, and the 
total amount of the element added in relation to quantities 
that have been shown to produce toxicities were used in ar- 
riving at  recommended maximum concentrations. A water 
application rate of 3 acre feet/acre/year was used to calcu- 
late the yearly rate of trace elements added in irrigation 
water. 

The suggested maximum trace element concentrations 
for irrigation waters are shown in Table \J-13. 

The suggested maximum concentrations for continuous 
use on all soils are set for those sandy soils that have low 
capacities to react with the element in question. They are 
generally set at levels less than the concentrations that pro- 
duce toxicities when the most sensitive plants are grown in 
nutrient solutions or sand cultures. This level is set, recog- 
nizing that concentration increases in the soil as water is 
evapotranspired, and that the effective concentration in the 
soil solution, at  near steady state, is higher than in the irriga- 
tion water. The  criteria for short-term use are suggested for 
soils that have high capacitites to remove from solution the 
element or elements being considered. 

The  work of Hodgson (1963)417 showed that the general 
tolerance of the soil-plant system to manganese, cobalt, 
zinc, copper, and boron increased as the pH increased, 
primarily because of the positive correlation between the 
capacity of the soil to inactivate these ions and the pH. 
This same relationship exists with aluminum and probably 
exists with other elements such as nickel (Pratt et al. 1964)449 
and boron (Sims and Bingham 1968).4G5 However, the abil- 
ity of the soil to inactivate molybdenum decreases with in- 
crease in pH, such that the amount of this element that 
could be added without producing excesses was higher in 
acid soils. 

TABLE V-ILRecommended Moximum Concentrotions of 
Truce Elements in Irrigation Waters0 

Fhmenl For Waters used continuously 
on a11 coil 

For use up to 20 p a r s  on Rne 
taituredcoilsolpH 6.0101.5 

mi/ l  m i / l  

Aluminum. 5.0 20.0 
Arsenic ................................... 0.10 2.0 
Bcqllium.. 0. IO 0. 50 
Boron.. .................................. 0.75 2.0 
Cldmium.. ............................... 0.010 0.050 
Chromium.. 0.10 1.0 
Cobrll .................................... 0.050 5.0 
coppcr ................................... 0. 20 5.0 
Fluoride.. ................................ 1.0 15.0 
Iron.. .................................... 5.0 20.0 
b d . .  ................................... 5.0 10.0 
LiVdum. ................................. 1.5b 2 . 9  
M m g n m . .  ............................. 0.20 10.0 
Molybdenum.. ............................ 0.010 0. oscd 
Nickel .................................... 0.20 2.0 
Selenium. 0.020 0. 020 
Tin.. .............................................................................................. 
lilaniumc.. ........................................................................................ 
Tunlstcnc .......................................................................................... 
VaNdiUm. ............................... 0. I O  1.0 

2.0 10.0 Zinc., ................................... 

............................... 

............................... 

.............................. 

................................ 

0 T h a e  lsrels will normally nof adrarsely aneel plants or roils. 
b Rmmmcndcd mumum contenbation lor irrilatin; dtrur i s  0.015 mg/L 

d For only add fine textured soils or add roils with relatively high iron odde conlenls. 
Sea I e ~ l l o r  I discussion 01 Lm elemtntr. 

In addition to pH control (i.e., liming acid soils), another 
important management factor that has a large effect on the 
capacity of soils to adsorb some trace elements without de- 
velopment of plant toxicities is the available phosphorus 
level. Large applications of phosphate are known to induce 
deficiencies of such elements as copper and zinc and greatly 
reduce aluminunl toxicity (Chapman 1 966).38G 

The  concentrations given in Table V-13 are for ionic 
and so!uS!e fcrrr?.s of the c!ements J f  insoluble forms are 
present as particulate matter, these should be removed by 
filtration before the water is analyzed. 

Aluminum 

. .  

The toxicity of this ion is considered to be one of the main 
causes of nonproductivity in acid soils (Coleman and 
Thomas 1967,3g2 Reeve and Sumner 1970,453 Hoyt and 
Nyborg 1971 

At pH values from about 5.5 to 8.0, soils have great 
capacities to precipitate soluble aluminum and to eliminate 
its toxicity. Most irrigated soils are naturally alkaline, and 
many are highly buffered with calcium carbonate. In these 
situations aluminum toxicity is effectively prevented. 

With only a few exceptions, as soils become more acid 
(PH < 5.5) ,  exchangeable and soluble aluminum develop by 
dissohtion of oxides and hydroxides or by decomposition 
of clay minerals. Thus, without the introduction of alumi- 
num, a toxicity of this element usually develops as soils are 
acidified, and limestone must be added to keep the soil 
productive. 
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In  nutrient solutions toxicities are reported for a number 
of plants at  aluminum concentrations of 1 mg/l (Pratt 
1 966),44* whereas wheat is reported to show growth reduc- 
tions a t  0.1 mg/l (Barnette 1923).370 Liebig et al. (1942)432 
found growth depressions of orange seedlings at  0.1 mg/l. 
Ligon and Pierre ( I  932)433 showed growth reductions of 
60, 22, and 13 per cent for barley, corn, and sorghum, re- 
spcctively, at 1 mg/l. 

In  spite of the potential toxicity of aluminum, this is not 
the basis for the establishment of maximum concentrations 
in irritation waters, because ground limestone can be added 
where needed to control aluminum solubility in soils. 
Nevertheless, two disadvantages remain. One is that the 
salts that are the sources of soluble aluminum in waters 
acidify the soil and contribute to the requirement for 
qround limestone to prevent the accumulation or develop- 
ment of soluble aluminum. This is a disadvantage only in 
acid soils. The  other disadvantage is a greater fixation of 
phosphate fertilizer by frcshly precipitated aluminum 
h ydroxidcs. 

i n  determining a recommendation for riiasiiriurri ieveis 
of aluminum in irrigation water using 5.0 mg/l for waters 
to he.uscd continuously on all soils and 20 mg/l for up to 
20 years on fine-textured soils, the following was considered. 
At ratcs of 3 acre feet of water per acre per year the calcium 
carbonate cquivalcnt of the 5 mg/l concentration used for 
100 years would be 1 I .5 tons per acre; the 20 mg/l concen- 
tration for 20 years would be equivalent to 9 tons of C a C 0 3  
pcr acre. I n  most irrigated soils this amount of limestone 
would not have to be added, because the soils have sufficient 
h K c r  capacit). to neutralize the aluminum salts. I n  acid 

be used, the aluminum added in the water would contribute 
these quantities to the lime requirements. 

Amounts of limestone needed for control of soluble alumi- 
num in acid soils can be estimated by a method that is based 
on pH control (Shoemaker et al. 1961).'63 A method based 
on the amount of soluble and eschangeable aluminum was 
developcd by Kamprath (1970).'" 

Recommenda?ions 

Recommended maximum concentrations are 5.0 
mg/l aluminum for continuous use on all soils and 
20 mg/l for use on fine textured neutral to alkaline 
soils over a period of 20 years. 

Arsenic 

COI!~ !!>at are a!read\i ncDr the nH r-- IvhPrP . ' - - - - -  !impstone shcfi!d I _.I-- 

Albert and .4rndt (1931)36s found that arsenic at  0.5 mg/l 
in nutrient solutions reduced the growth of roots of cowpeas, 
ana  at  i .O mg/'i it reduced the growth oi both roots and tops. 
They reported that 1.0 mg/l of soluble arsenic was fre- 
quently found in the solution obtained from soils with 
demonstrated toxic levels of arsenic. Rasmussen and Henry 
(1965)451 found that arsenic at 0.5 mg/l in nutrient solu- 
tions produced tosicity symptoms in seedlings of the pine- 

apple and orange. Below this concentration no symptoms of 
toxicity were found. Clements and Heggeness (1939)5g0 re- 
ported that 0.5 mg/l arsenic as arsenite in nutrient solu- 
tions produced an 80 per cent yield reduction in tomatoes. 
Liebig et al. (1959)431 found that 10 mg/l of arsenic as 
arsenate or 5 mg/l as arsenite caused marked reduction 
in growth of tops and roots of citrus grown in nutrient solu- 
tions. Machlis ( 1941)434 found that concentrations of I .2 and 
I2 mg/l caused growth suppression in beans and sudan grass 
respectively. 

However, the most definite work with arsenic toxicity in 
soils has been aimed at  determining the amounts that can 
be added to various types of soils without reduction in yields 
of sensitive crops. The  experiments of Cooper et al. ( 1932),393 
Vandecaveye et al. ( 1  936),472 Crafts and Rosenfels (1939),394 
Dorman and Colman (1939),3g6 Dorman et al. (1939),397 
Clements and Munson ( 1947),391 Benson (1953),372 Chis- 
holm et al. (1955),36s Jacobs et al. (1970),4n Woolson et al. 
(1971)4s1 showed that the amount of total arsenic that pro- 
duced the initiation of toxicity varied with soil texture and 
oiiier I'accors that infiuenced the adsorptive capacity. A s -  
suming that the added arsenic is mixed with the surface six 
inches of soil and that it is in the arsenate form, the amounts 
that produce toxicity for sensitive plants vary from 100 
pounds (Ib)/acre for sandy soils to 300 Ib/acre for clayey 
soils. Data from Crafts and Rosenfels (1939)394 for 80 soils 
showed that for a 50 per cent yield reduction with barley, 
120, 190, 230, and 290 Ib arsenic/acre were required for 
sandy loams, loams, clay loams, and clays, respectively. 
These amounts of arsenic indicated the amounts adsorbed 
into soils of different adsorptive capacities before the toxicity 

With long periods of time involved, such as would be the 
case with accumulations from irrigation water, possible 
leaching in sandy soils (Jacobs et al. 1970)422 and reversion 
to less soluble and less toxic forms of arsenic (Crafts and 
Rosenfels 1 939)394 allow extensions of the amounts requircd 
for toxicity. Perhaps a factor of at least two could be used, 
giving a limit of 200 Ib in sandy soils and a limit of 600 Ib 
in clayey soils over many years. Using these limits, a con- 
centration of 0.1 mg/l could be used for 100 years on sandy 
soils, and a concentration of 2 mg/l used for a period of 20 
years or 0.5 mg/l used for 100 years on clayey soils would 
provide an adequate margin of safety. This is assuming 3 
acre feet of water are used per acre per year (1 mg/l equals 
2.71 Ib/acre foot of water or 8.13 lb/3 acre feet), and that 
the added arsenic becomes mised in a 6-inch layer of soil. 
Removal of small amounts in harvested crops provides a n  
additional safety factor. 

1 he oniy effective management practice known Ior soils 
that have accumulated toxic levels of arsenic is to change to 
more tolerant crops. Benson and Reisenauer (1 95 
developed a list of plants of three levels of tolerance. Work 
by Reed and Sturgis (1 936)452 suggested that rice on flooded 
soils was extremely sensitive to small amounts of arsenic, and 
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that the suggested maximum concentrations listed below 
were too high for this crop. 

TABLE V-IPRe lo t i ve  Tolerance of Plonts to Boron 

(In mch poup l e  plants lirrt m m r d  are considered I s  bring more I d a n t  and the brt named 
mare Icontire.) 

Recommendations 
Recommendations are that maximum concen- Tolennl Semilohnnl Sensitin 
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trations of arsenic in irrigation water be 0.10 mg/l 
for continuous use on all soils and 2 mg/l for use 
up to 20 years on fine textured neutral to alkaline 
soils. 

Beryllium 

Haas (1932)408 reported that some varieties of citrus seed- 
lings showed toxicities a t  2.5 mg/l of beryllium whereas 
others showed toxicity at 5 mg/l in nutrient solutions. 
Romney et al. (1962)45s found that beryllium at 0.5 mg/l 
in nutrient solutions reduced the growth of bush beans. 
Romney and Childress (1965)454 found that 2 mg/l or 
greater in nutrient solutions reduced the growth of toma- 
toes, peas, soybeans, lettuce, and alfalfa plants. Additions of 
soluble beryllium salts at levels equivalent to 4 per cent of 
the cation-adsorption capacity of two acid soils reduced the 
yields of ladino clover. Beryllium carbonate and bcrylliuni 
oxide a t  the same levels did not reduce yields. These results 
suggest that beryllium in calcareous soils might be much less 
active and less toxic than in acid soils. IVilliams and Leliiche 
(1968)480 found that beryllium a t  2 mg/l in nutrient solu- 
tions was toxic to  mustard, whereas 5 mg/l was requircd for 
growth reductions with kale. 

It seems reasonable to rccommend low levels of beryl- 
lium in view of the fact that, a t  0.1 mg/l, 80 pounds of 
beryllium would be added in 100 years using 3 acre feet of 
water per acre per year. In 20 years, a t  0.5 mg/l, \vatcr a t  
the same rate would add 80 pounds. 

Recommendations 

In view of toxicities in nutrient solutions and in 
soils, it is recommended that maximum concen- 
trations of beryllium in irrigation waters be 0.10 
mg/l for continuous use on all soils and 0.50 mg/l 
for use on neutral to alkaline fine textured soils 
for a 20-year period. 

Boron 

Boron is an essential element for the growth of plants. 
Optimum yields of some plants are obtained at concentra- 
tions of a few tenths mg/l in nutrient solutions. However, 
a t  concentrations of 1 mg/l, boron is toxic to a number of 
sensitive plants. Eaton (1 935,4@3 1 944401) determined the 
boron tolerance of a large number of plants and developed 
lists of sensitive, semitolerant, and tolerant species. These 
lists, slightly modified, are also given in the U.S.D.A. 
Handbook 60 (Salinity Laboratory 1954)459 and are pre- 
sented in Table V-14. In  general, sensitive crops showed 
toxicities at I mg/l or less, semitolerant crops at 1 to 2 mg/l, 
and tolerant crops a t  2 to 4 mgjl. At concentrations above 

Ale1 nanurilasphylla) 
l r p l r i l u s  
Palm (Phoenix unirienris) 
Dale palm (P. daclylilen) 
Supr beel 
Mangel 
Garden bcel 
Anilla 
Gladiolus 
Broadbean 
Onion 
Turnip 
Cabbage 
Lenuce 
Carrot 

Sunflower (mtivo) 
POIalO 
k a l a  wnon 
Pima canon 
TOMI0 
Sweelpea 
Radish 
Field pea 
Ragged Robin rose 
Olive 
Barley 
Wheat 
Corn 
Milo 
011 
Zinnia 
Pumpkin 
Bell pepper 
Sweel DOI~IO 
Lima bean 

Pecan 
Black Walnut 
Perdan (EntIish) walnul 
Jerusalem artichoke 
Navy bean 
Ameriun elm 
Plum 
Pear 
Apple 
Gripe ( S u b n i m  and Malagr) 
Kadotr lig 
Prrsirnmon 
Cherry 
Peach 
bricol 

Orange 
Arwado 
Grapelruil 
Lemon 

Thornless blackbery 

4 mg/I, the irrigation water was generall!. unsatisfactor!. for 
most crops. 

Bradford ( I  966),379 in a review of boron dcficiencics and 
toxicities, stated that when the boron contcnt of irrigation 
waters was greater than 0.75 mg/l, somc scnsitivc plants, 
such as citrus, begin to show injury. Chapman (1968)3E7 
concluded that citrus showed some mild toxicity s!.mptoms 
when irrigation waters have 0.5 to 1 .O mg/l, and that when 
the concentration was greater than 10 mg/I pronounced ' 

toxicities were found. 
Biggar and Fireman (1960)375 and Hatcher and Bower 

(1958)41L showed that the accumulation of boron in soils is 
an adsorption process, and that before soluble levels of 1 or 
2 mg/l can be found, the adsorptive capacity must be 
saturated. With neutral and alkaline soils of high adsorption 
capacities water of 2 mg/l might be used for some time 
without injury to sensitive plants. 

Recommendations 

From the extensive work on citrus, one of the 
most sensitive crops, the maximum concentration 
of 0.75 mg boron/l for use on sensitive crops on all 
soils seems justified. Recommended maximum 
concentrations for semitolerant and tolerant 
plants are considered to be 1 and 2 mg/l respec- 
tively. 

For neutral and alkaline fine textured soils the 
recommended maximum concentration of boron 
in irrigation water used for a 20-year period on 
sensitive crops is 2.0 mg/l. With tolerant plants or 
for shorter periods of time higher boron concen- 
trations are acceptable. 

I' 
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Cadmium 

Data by Page et al. in press (1972)444 showed that the 
yields of beans, beets, and turnips were reduced about 25 
per cent by 0.10 mg cadmium/l in nutrient solutions; 
whereas cabbage and barley gave yield decreases of 20 to 50 
per cent at  1.0 mg/l. Corn and lettuce were intermediate 
in response with less than 25 per cent yield reductions at  
0. I O  mg/l and greater than 50 per cent at 1 .O mg/l. Cad- 
mium contents of plants grown in soils containing 0.1 I to 
0.56 mg/l acid extractable cadmium (Lagenverff I971)'?' 
were of the same order of magnitude as the plants grown by 
Page et al. in control nutrient solutions. 

Because of the phytotoxicity of cadmium to plants, its 
accumulation in plants, lack of soils information, and the 
potential problems with this element in foods and feeds, a 
conservative approach is taken. 

Recommendations 

Maximum concentrations for cadmium in irriga- 
tion waters of 0.010 mg/l for continuous use on all 
soils and 0.050 mg/l on neutral and alkaline fine 
textured soils for a 20-year period are recom- 
mended. 

Chromium 

Even though a number of investigators have found small 
increases in yields with small additions of this element, it 

primary concern of soil and plant scientists is with its tosic- 
i ty.  Soane and Saunders (1959)'66 found that I O  mg/l of 
chromium in sand cultures was toxic to corn, and that for 
tobacco 5 mg/l of chromium caused reduced growth and 
1.0 mg/l reduced stem elongation. Scharrer and Schropp 
( 1  935)'61 found that chromium, as chromic sulfate, was 
tosic to corn at 5 mg/l in nutrient solutions. Hewitt 
(1953)"' found that 8 mg/l chromium as chromic or 
chromate ions produced iron chlorosis on sugar beets grown 
in sand cultures. Hewitt also found that the chromate ion 
was more toxic than the chromic ion. Hunter and Vergnano 
(1953)"' found that 5 mg/l of chromium in nutrient solu- 
tions produccd iron deficiencies in plants. Turner and 
Rust (1971)'70 found that chromium treatments as low as 
0.5 mg/l in water cultures and I O  mg/kg in soil cultures 
significantly reduced the yields of two varieties of soybeans. 

Because little is known about the accumulation of 
chromium in soils in relation to its toxicity, a concentration 
of less than 1 .O mg,/I in irrigation waters is desirable. At this 
concentration, using 3 acre feet water/acre/yr, more than 
80 Ib of chromium would be added per acre in 100 years, 
and using a concentration of 1 .O mg/l for a period of 20 years 
and applying water at  the same rate, about 160 pounds of 
chromium would be added to the soil. 

has i i ~ t  k c ~ i i i ~  iezogiiized iiii ejseiitial deliitlit. Tilt: 

Recommendations 

In view of the lack of knowledge concerning 
chromium accumulation and toxicity, a maximum 
concentration of 0.1 mg/l is recommended for con- 
tinuous use on all soils and 1.0 mg/l on neutral 
and alkaline fine textured soils for a 20-year period 
is recommended. 

Cobalt 

Ahmed and Twyman (1953)365 found that tomato plants 
showed toxicity from cobalt at 0.1 mg/l, and Vcrgnano 
and Hunter ( 1953)473 found that cobalt at 5 mg/l was highly 
toxic to oats. Scharrer ana Schropp ( I933)'Oo found that 
cobalt at  a few mg/l in sand and solution cultures was toxic 
to peas, beans, oats, rye, wheat, barley, and corn, and that  
the tolerance to cobalt increased in the order listed. Vanse- 
low (1966a)'73 found additions of 100 mg/kg to soils were 
not toxic to citrus. 

for cobalt is near the threshold toxicity level in nutrient 
solutions. Thus, a concentration of 0.05 mg/I appears to be 
satisfactory for continuous use on all soils. However, because 
the reaction of this element with soils is strong at  neutral 
and alkaline pH values and i t  increases with time (Hodgson 
1960),410 a concentration of 5.0 mgil might be tolerated by 
fine textured neutral and alkaline soils when it is added in 
small ycarly incremcnts. 
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Recommendations 

P,ec^rr.mecded mzxi2.l.m coccectr2ticns f s r  cc= 
balt are set at 0.050 mg/l for continuous use on all 
soils and 5.0 mg/l for neutral and alkaline fine 
textured soils for a 20-year period. 

Copper 

Copper concentrations of 0.1 to 1.0 mg/l in nutrient 
solutions have been found to be toxic to a large number of 
plants (Piper 1939,447 Liebig et al. 1942,4"9 Frolich et al. 
1966,'03 Nollendorfs 1 969,442 Struckmej.er et al. 1 969,469 
Seillac I97 1 '6'). Westgate ( 1  952)'78 found copper toxicity in 
soils that had accumulated 800 Ib/acre from the use of 
Bordeaux sprays. Field studies in sandy soils of Florida 
(Reuther and Smith 1954).'j7 showed that toxicity to citrus 
resulted when copper levels reached 1.6 mg/meq of cation- 
exchange capacity per 100 g of dry soil. 

The  management procedures that reduce copper toxicity 
include liming the soil if it is acid, using ample phosphate 
fertilizer, and adding iron salts (Reuther and Labanauskas 
1 966).456 

Toxicity levels in nutrient solutions and limited data on 
soils suggest a concentration of 0.20 mg/l for continuous 
use on all soils. This level used at  a rate of 3 acre feet of 
water per year would add about 160 pounds of copper in 
100 years, which is approaching the recorded levels of 
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toxicity in acid sandy soils. A safety margin can be obtained 
by liming these soils. A concentration of copper at 5.0 mg/l 
applied in irrigation water a t  the rate of 3 acre feet of water 
per year for a 20-year period would add 800 pounds of 
copper in 20 years. 

Recommendations 

Based on toxicity levels in nutrient solutions and 
the limited soils data available, a maximum con- 
centration of 0.20 mg/l copper is recommended for 
continuous use on all soils. On neutral and alkaline 
fine textured soils for use over a 20-year period, a 
maximum concentration of 5.0 mg/l is recom- 
mended. 

Fluoride 

Applications of soluble fluoride salts to acid soils can 
produce toxicity to plants. Prince et al. (1949)450 found that 
360 pounds fluoride per acre, added as sodium fluoride, 
reduced the yields of buckwheat at pH 4.5, but at pH values 
above 5.5 this rate produced no injury. 

MacIntire et al. (1942)435 found that 1,150 pounds of 
fluoride in superphosphate, 575 pounds of fluoride in slag, 
or 2,300 pounds of fluoride as calcium fluoride per acre had 
no detrimental effects on germination or plant growth on 
well-limed neutral soils, and that vegetation p-own on these 
soils showed only a slight increase in fluoride as compared to 
those grown in acid soils. However, Shirley et al. (1 970)464 
found that bones of co\vs that had grazed pastures fertilized 
with raw rock and colloidal phosphate, which contained ap- 
proximately two to three per cent fluorides, for seven to 16 
years averaged approximately 2,900 and 2,300 nig of 
fluorine per kilogram of bone, respectively. The bones of 
cows that had grazed on pastures fertilized with relatively 
fluorine free superphosphate, concentrated supcrphosphate, 
and basic slag fertilizer contained only 1400 mg/kg fluorine. 

Recommendations 

Because of the capacity of neutral and alkaline 
soils to inactivate fluoride, a relatively high niaxi- 
mum concentration for continuous use on these 
soils is recommended. Recommended maximum 
concentrations are 1.0 mg/l for continuous use on 
all soils and 15 mg/l for use for a 20-year period on 
neutral and alkaline fine textured soils. 

Iron 

Iron in irrigation waters is not likely to create a problem 
of plant toxicities. I t  is so insoluble in aerated soils a t  all pH 
values in which plants grow well, that it is not toxic. In  fact, 
the problems with this element are deficiencies in alkaline 
soils. In reduced (flooded) soils soluble ferrous ions develop 
from inherent compounds in soils, so that quantities that 
might be added in waters would be of no concern. However, 
Rhoads (1971)458 found large reductions in the quality of 
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cigar wrapper tobacco when plants were sprinkler irrigated 
with water containing 5 or more mg soluble iron/l, because 
of precipitation of iron oxides on the leaves. Rhoad’s ex- 
perience would suggest caution when irrigating any crops 
using sprinkler systems and waters having sufficient reducing 
conditions to produce reduced and soluble ferrous iron. 

The  disadvantages of soluble iron salts in waters are that 
these would contribute to soil acidification, and the precipi- 
tated iron would increase the fixation of such essential ele- 
ments as phosphorous and molybdenum. 

Recommendations 

A maximum concentration of 5.0 mg/l is recom- 
mended for continuous use on all soils, and a 
maximum concentration of 20 mg/l is recom- 
mended on neutral to alkaline soils for a 20-year 
period. The use of waters with large concentrations 
of suspended freshly precipitated iron oxides and 
hydroxides is, not recommended, because these 
materials also increase the fixation of phosphorous 
and molybdenum. 

lead 

The phytotoxicity of lead is relatively low. Berry ( 1924)374 
found that a concentration of lead nitrate of 25 mg/1 was 
required for toxicity to oats and tomato plants. At a concen- 
tration of 50 mg/1, death of plants occurred. Hopper 
(1937)‘18 found that 30 mg/l of lead in nutrient solutions 
was toxic to bean plants. \$‘ilkins (1957)j79 found that lead 
at  10 mg/l as lead nitrate reduced root growth. Since soluble 
lead contents in soils were usually from 0.05 to 5.0 mg/kg 
(Brewer 1966),383 little toxicity can be expected. It was 
shown that the principal entry of lead into plants was from 
aerial deposits rather than from absorption from soils (Page 
et ai. i 9 i i  j4:: indicatirig that k i d  that %!!s ~ n t c  t he  s3i! is 
not available to plants. 

In  a summary on the effects of lead on plants, rhe Com- 
mittee on the Biological Effects of Atmosphere Pollutants 
(NRC 1972)441 concluded that there is not sufficient evidence 
to indicate that lead, as it occurs in nature, is toxic to vege- 
tation. However, in studies using roots of some plants and 
very high concentrations of lead, this element was reported 
to be concentrated in cell walls and nuclei during mitosis 
and to inhibit cell proliferation. 

Recommendations 

Recommended maximum concentrations of lead 
are 5.0 mg/l for continuous use on all soils and 10 
mg/l for a 20-year period on neutral and alkaline 
fine textured soils. 

, 

lithium 

Most crops can tolerate lithium in nutrient solutions a t  
concentrations up  to 5 mg/l (Oertli 1962,443 Bingham et at. 
1964,377 Bollard and Butler 1966378). But research revealed 
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that citrus was more sensitive (Aldrich et al. 1951,369 Brad- 
ford 1963b,381 Hilgeman et al. 197O4I5). Hilgeman et al. 
( 1  970)415 found that grapefruit developed severe symptoms 
of lithium toxicity when irrigated with waters containing 
lithium at 0.18 to 0.25 mg/l. Bradford ( I 9 6 3 a p  reported 
that experience in California indicated slight toxicity of 
lithium to citrus at 0.06 to 0. I O  mg/l in the water. 

Lithium is one of the most mobile of cations in soils. I t  
tends to be replaced by other cations in waters or fertilizers 
and is removed by leaching. On the other hand, it is not 
precipitated by any known process. 

Recommendations 

Recommendations for maximum concentrations 
of lithium, based on its phytotoxicity, are 2.5 mg/l 
for continuous use on all soils, except for citrus 
where the recommended maximum concentration 
is 0.075 mg/l for all soils. For short-term use on 
fine textured soils the same maximum concentra- 
tions are recommended hecagre cf !E& cf i-zc:ira- 
tion in soils. 

Manganese 

h4anganese concentrations at a few tenths to a few milli- 
grams per liter in nutrient solutions are toxic to a number of 
crops as shown by Morris and Pierre (1949),."O Adams and 
Wear (1957),3e4 Hewitt ( I  965),414 and others. However, 
toxicities of this element are associated with acid soils, and 
applications of proper quantities of ground limestone suc- 
cessfully eliminated the problem. Increasing the pH to the 
5.5 to 6.0 range usually reduced the active manganese to 
below the toxic level (Adams and Wear 1957).364 Hoyt and 
Nyborg (1971 b)"O found that available manganese in the 
soil and manganese content of plants were negatively cor- 
related with soil pH. However, the definite association of 
toxicity with soil pH as found with aluminum was not found 
with manganese, which has a more complex chemistry. 
Thus, more care must be taken in setting water quality cri- 
teria for manganese than for aluminum (Le., management 
for control of toxicities is not certain). 

Recommendations 

Recommended maximum concentrations for 
manganese in irrigation waters are set at 0.20 mg/l 
for continued use on all soils and 10 mg/l for use up 
to 20 years on neutral and alkaline fine textured 
soils. Concentrations for continued use can be in- 
creased with alkaline or calcareous soils, and also 
with crops that hme higher tn!nrzfl~e !e:.z!s. 

Molybdenum 

This element presents no problems of toxicity to plants a t  
concentrations usually found in soils and waters. The prob- 
lem is one of toxicity to animals from molybdenum in- 
gested from forage that has been grown in soils with rela- 

tively high amounts of avaiable molybdenum. Dye and 
O'Hara ( 1959)398 reported that the molybdenum concentra- 
tion in forage that produced toxicity in ruminants was 5 to 
30 mg/kg. Lesperance and Bohman (1963)430 found that 
toxicity was not simply associated with the molybdenum 
content of forage but was influenced by the amounts ot 
other elements, particularly copper. Jenseti and Lesperance 
( 1  97 found that the accumulation of molybdenum in 
plants was proportional to the amount of the element added 
to the soil. 

Kubota et al. ( 1963)426 found that molybdenum concen- 
trations of 0.01 mg/l or greater in soil solutions were as- 
sociated with animal toxicity levels of this element in alsike 
clover. Bingham et al. ( 1 9 7 0 p  reported that rnolybdosis of 
cattle was associated with soils that had 0.01 to 0.10 mg/l 
of molybdenum in saturation extracts of soils. 

Recornmendations 

The recommended maximum concentration of 
rAG:Ybdefiiiiii foiS continued use of water on all 
soils, based on animal toxicities from forage, is 
0.010 mg/l. For short term use on soils that react 
with this element, a concentration of 0.050 mg/l 
is recommended. 

Nickel 

According to Vanselow ( 1  966b),471 many experiments 
with sand and solution cultures have shown that nickel at 
0.5 to 1.0 mg/l is toxic to a number of plants. Chang and 
Sherman ( 1953)335 found that tomato seedlings were in- 
jured hy  0.5 mg/!. MI!!ihz (!9?9)'" f ~ i i i i :  that 0.5 to 5.0 
mg/l were toxic to flax. Brenchley (1938)382 reported toxic- 
ity to barley and beans from 2 mg/l. Crooke (1954)395 
found that 2.5 mg/l was tosic to oats. Legg and Ormerod 
(1958)J29 found that 1.0 mg/l produced toxicity in hop 
plants. Vergnano and Hunter (1953)'75 found that 1.0 mg/l 
in solutions flushed through sand cultures was toxic to oats. 
Soane and Saunders (1959)466 found that tobacco plants 
showed no toxicity at 30 mg/l, and that corn showed no 
toxicity at 2 mg/l but showed toxicity at IO mg/l. 

IVork by Mizuno ( 1  968)439 and Halstead et al. ( I  969)4w 
and the review of Vanselow ( 1  966b)d7' showed that increas- 
ing the pH of soils reduces the toxicity of added nickel. 

Halstead et al. ( 1969)'09 found the greatest capacity to ad- 
sorb nickel without development of toxicity was by a soil 
with 21 per cent organic matter. 

Recommendations 

Base6 on born toxicity in nutrient solutions and 
on quantities that produce toxicities in soils, the 
recommended maximum concentration of nickel 
in irrigition waters is 0.20 mg/l for continued use 
on all soils. For neutral fine textured soils for a 
period up to 20 years, the recommended maximum 
is 2.0 mg/l. 



Selenium 

Selenium is toxic at  low concentrations in nutrient solu- 
tions, and only small amounts added to soils increase the 
selenium content of forages to a level toxic to livestock. 
Broyer et al. (1966)38' found that selenium at 0.025 mg/l 
in nutrient solutions decreased the yields of alfalfa. 

The best evidence for use in setting water quality criteria 
for this element is application rates in relation to toxicity in 
forages. Amounts of selenium in forages required to prevent 
selenium deficiencies in cattle (Allaway et al. 1967)3GG 
ranged between 0.03 and 0.10 mg/kg (depending on other 
factors), whereas concentrations above 3 or 4 mg/kg were 
considered toxic (Underwood I 966).471 A number of investi- 
gators (Hamilton and Beath 1963,4'0 Grant 1 965,407 Allaway 
et al. 1966)3G7 have shown that small applications of selenium 
to soils at a rate of a few kilograms per hectare produced 
plant concentrations of selenium that were tosic to animals. 
Gissel-Nielson and Bisbjerg ( 1  970)40G found that applica- 
tions of approsimately 0.2 kg/hectare of selenium produced 
from 1.0 to 10.5 mg/kg in tissues of forage and vegetable 
crops. 

'Recommendation 

With the low levels of selenium required to pro- 
duce toxic levels in forages, the recommended 
maximum concentration in irrigation waters is 
0.02 mg/l for continuous use on all soils. At a rate 
of 3 acre feet of water per acre per year this concen- 
tration represents 3.2 pounds per acre in 20 years. 
The same recommended maximum concentration 
should be used on neutral and alkaline fine textured 
soils until greater information is obtained on soil 
reactions. The relative mobility of this element in 
sni!s i n  rnmpRrisnn tn other trace elements and 
slow removal in harvested crops provide a sufficient 
safety margin. 

Tin, Tungsten, and Titanium 

Tin, tungsten, and titantium are effectively excluded by 
plants. The first two can undoubtedly be introduced to 
plants under conditions that can produce specific toxicities. 
However, not enough is known at this time about any of the 
three to prescribe tolerance limits. (This is true with other 
trace elements such as silver.) Titantium is very insoluble, 
at  present it is not of great concern. 

Vanadium 

Gericke and Rennenkampff (1 939)405 found that vanad- 
ium at 0.1, 1 .O, and 2.0 mg/l added to nutrient solutions as 
calcium vanadate slightly increased the growth of barley, 
whereas at  I O  mg/l vanadium was toxic to both tops and 
roots and that vanadium chloride at  I .O mg/l of vanadium 
was toxic. Warington (1 954,470 1 956477) found that flax, soy- 
beans, and peas showed toxicity to vanadium in the con- 
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centration range of 0.5 to 2.5 mg/l. Chiu (1953)3*9 found 
that 560 pounds per acre of vanadium added asammonium 
metavanadate to rice paddy soils produced toxicity to rice. 

Recommendations 

Considering the toxicity of vanadium in nutrient 
solutions and in soils and the lack of information 
on the reaction of this element with soils, a maxi- 
mum concentration of 0.10 mg/l for continued use 
on all soils is recommended. For a 20-year period 
on neutral and alkaline fine textured the recom- 
mended maximum concentration is 1.0 mg/l. 

Zinc 

Toxicities of zinc in nutrient solutions have been demon- 
strated for a number of plants. Hewitt (1948)4'3 found that 
zinc at  16 to 32 mg/l produced iron deficiencies in sugar 
beets. Hunter and Vergnano (1953)4?* found toxicity to oats 
at 25 mg/l. h4illikan (1947)438 found that 2.5 mg/l produced 
iron deficiency in oats. Earley ( 1943)399 found that the 
Peking variety of soybeans was killed at 0.4 mg/l, whereas 
the hlanchu variety was killed at 1.6 mg/L 

The  toxicity of zinc in  soils is related to soil pH, and liming 
acid soil has a large effect in reducing tosicity (Barnette 
1936,571 Gall and Barnette 1940,404 Peech 1941,446 Staker 
and Cummings 1941,4GE Staker 1942,467 Lee and Page 
1 9 f ~ 7 ~ ~ ~ ) .  Amounts of added zinc that produce tosicity are 
highest in clay and peat soils and smallest in sands. 
On acid sandy soils the amounts required for tosicity 

would suggest a recommended maximum concentration of 
zinc of 1 mg/l for continuous use. This concentration at  a 
water application rate of 3 acre feet/acre/year would add 
813 pounds per acre in 100 years. However, if acid sandy 
soils are limed to pH values of six or above, the tolerance 
level is increased by at least a factor of two (Gall and 
Barnette 1940).404 

Recommendations 

Assuming adequate use of liming materials to 
keep pH values high (six or above), the recom- 
mended maximum concentration for continuous 
use on all soils is 2.0 mg/l. For a 20-year period on 
neutral and alkaline soils the recommended maxi- 
mum is 10 mg/l. On fine textured calcareous soils 
and on organic soils, the concentrations can exceed 
this limit by a factor of two or three with low 
probability of toxicities in a 20-year period. 

PESTICIDES (IN WATER FOR IRRIGATION) 

Pesticies are used widely in water for irrigation on com- 
mercial crops in the United States (Sheets 1967).50' Figures 
on production, acreage treated, and use patterns indicate 
insecticides and herbicides comprise the major agricultural 
pesticides. There are over 320 insecticides and 127 herbi- 
cides registered for agricultural use (Fowler 1 972).498 
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Along with the many benefits to agriculture, pesticides 
can have detrimental effects. Of concern for irrigated agri- 
culture is the possible effects of pesticide residues in irriga- 
tion water on the growth and market quality of forages and 
crops. Pesticides most likely to be found in agricultural 
water supplies are listed in the Freshwater Appendix 11-D. 

insecticides in Irrigation Water 

The  route of entry of insecticides into waters is discussed 
in the pesticide section under Water for Livestock Enter- 
prises. For example, h4iller et al. (1967)500 observed the 
movement of parathion from treated cranberry bogs into a 
nearby irrigation ditch and drainage canal, and Sparr et al. 
( 1966)503 monitored endrin in waste irrigation water used 
three days after spraying. In monitoring pesticides in water 
used to irrigate areas near Tule Lake and lower Klamath 
Lake \\'ildlife Refuges in northern California, Godsil and 
Johnson ( 1968)499 detected high levels of endrin compared 
to other pesticides. They observed that the concentrations 
of pesticides in irrigation waters varied directly with agri- 
cultural activities. 

In monitoring pesticides residues from 1965 to 1967 
(Agricultural Research Senpice 1 969a),483 the U. S. Depart- 
ment of r\griculture detectcd the following pesticides in ir- 
rigation waters a t  a sampling area near Yuma, Arizona: 
the D D T  complcs, diclclrin, methyl parathion, endrin, 
endosulfan, ethyl parathion, clicofol, s ,s , s  ,-tributyl phos- 
phorotrithiate (DEF), and clcmcton. Insecticicles most coin- 
monly detected \rere DDT, endrin, and diclclrin. For the 
most part, all residues i n  water \cere less' than 1.0 pg,A. 
A further esamination of the irrigation \cater at the Yurna 
saiiipiirig area showcci that \rater entering i t  contained rela- 
tively low amounts of insecticide residues \chile water leav- 
ing contained greatcr conccntrations. I t  was concluclcd that 
some insecticides \rere picked up from the soil by irrigation 
water and carried out of the fields. 

Crops a t  the same location \\'ere also sampled for insecti- 
cide residues. \Vith the esception of somewhat higher con- 
centrations of DDT and dicofol in cotton stalks and canta- 
loupe vines, respectively. residues in crop plants \cere rela- 
tively small. The  mean concentrations, d i e r e  detected, 
were 2.6 pg/g combined DDT, 0.01 pg/'g endrin, 0.40 pg/g  
dieldrin, 0.05 Fg/g lindane, 5.0 pg/g dicofol, and 1.8 pg/g 
combined parathion. The  larger residues for DDT and 
dicofol were apparently from foliage applications. Sampling 
of harvested crops showed that residues were generally less 
than 0.30 pg/g and occurred primarily in lettuce and in 
cantaloupe pulp, seeds, and rind. DDT, dicofol, and endrin 
were applied to crops during the survey, and from 2.0 to 
6.0 Ib/acre of D D T  were applied to the soil before 1965. 

Some crops do not absorb measurable amounts of insecti- 
cides but others translocate the chemicals in various 
amounts. At the levels (less than 1 .O pg/l) monitored by the 
u. S. Department of Agriculture in irrigation waters (Agri- 
cultural Research Service 1969a),433 there is little evidence 

indicating that insecticide residues in the water are detri- 
mental to plant growth or accumulate to undesirable or il- 
legal concentrations in food or feed crops. 

Herbicides in Irrigation Water 

In contrast to insecticides, misuse of herbicides can pre- 
sent a greater hazard to crop growth. Herbicides are likely 
to be found in irrigation water under the following circum- 
stances: ( I )  during thcir purposeful introduction into irriga- 
tion water to control submersed wecds; of ( 2 )  incidental to 
herbicide treatment for control of weeds on banks of irriga- 
tion canals. Attempts are seldom made to prevent water 
containing herbicides such as sylene or acrolein from being 
divertcd onto cropland during i\ririgation. In most instances, 
however, water-use restrictions do apply when herbicides 
arc used i n  reservoirs of irrigation watcr. The herbicides 
used in reservoirs are more persistent and inherently more 
phytotosic at low levels than arc sylcnc and acrolein. 

The  tolerances of a number of crops to various herbicicles 
used in and Aroiinrl w a t r r  nrr  I igtpc! in T~l.!c ?i-!5. P.csic!~:e 
Icvels tolerated by most crops are usually much higher than 
the concentrations found in water following normal use of 
the herbicides. h-omatic solvent (sylenc) and acrolein are 
\riclely used in wcstern states for keeping irrigation canals 
free of submersed \ccccls and algae and are not harmful to 
crops at concentrations neeclcd for \ccccl control. (U. S. 
Department of Agriculture, Agricultural Research Service 
1963,""' hcreafter referred to as Agricultural Research 
Scnice I 963).4s? Xylene, which is non-polar, is lost rapidly 
from water (50 per cent in 3 to 4 hours) b y  volatility (Frank 
et al. 1970).49' Acrolein, a polar compound, may rcinain in 
flotving water for periods of 24 hburs or more a t  I c \ ~ l s  that 
are phytotoxic only to submcrsccl aquatic \vcccls. Copper 
sulfate is used frccluently to control algae. I t  has also bccn 
found effective on submersecl vascular weeds when applied 
continuously to irrigation water at low levels (Bartlcy 
1969). Isi 

The herbicides that Iia\.c bccn used most wiclely on irriga- 
tion ditchbanks are 2 ,+D, clalapon, TCA, and silvex. The 
application of herbicides may lie restricted to a swath of a 
few feet a!ong the margin of the water, or i t  may cover a 
swath 15 feet or more wide. A varialile overlap of the spray 
pattern at the water margin is unavoidable and accounts 
for most of the herbicide residues that occur in water during 
ditchbank treatments. Rates of application vary from 2 Ib 
per acre for 2,4-D to 20 It)  per acre for dalapon. For es- 
amples of residue levels that occur in water from thesc 
treatments see Table V- 16. The residues generally occur only 
durinz the p=riorl< w h ~ n  ditchbin1-s 're ! re~ted.  

The rates of dissipation of herbicides in irrigation water 
were reported recently by Frank et al. (1970).497 The  herbi- 
cides and formulations commonly used on ditchbanks are 
readily soluble in water and not extensively sorbed to soil 
or other surfaces. Reduction in levels of residues in flowing 
irrigation water is due  largely to dilution. Irrigation canals 
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TABLE V-IS-ToIeronce of Crops to Various Herbicides Used In and Around WotersO 

Herbicide Tmtment nle Consantration lint MY c a u r  in 
inigation walnb 

Crop injury threshold in  
irrigation water (mg/lp 

Auokin .............................. ln i la l ion tlNk .............. Liquid.. ........................ I 5  m[/l lOI 4 hours ............... IO IO 0.1 mt/l.. ................. F h d  01 fUnOW; beans.W. c0rn.W. 
conon.@ soybeans-m. wgar beets. 
60. 

wgar beels.l5. 
0.6 m i l l  lor 8 hours .............. 0.4 lo 0.02 mi l l  ................. Sprinkler; co1n.W. roybeans.l5. 

0.1 mgll lor 18 hours.. ........... 0.05 10 0. I mg f I 
Aromatic solvents (rylene). ............. Flowing water in canals or drains. Emulsiliable liquid.. .............. 5 to IO gal/cls (350 to 750 mglQ m0 m i l l  or less. ................. A H a L > t . W  buns.l,ZW. UtTOtS. 

1.W. coln.3.WO cotton-1.60D. 
train  sorghum>^, mts.2.umW. 

applied in  30-64 minutes 

PObt0cS~I.300. wheat >I.MO. 
Copper sulfate.. ...................... Canals or reservoirs.. .......... Penbhydrate crystals.. . .......... Continuous trealmentO.5 10 3.0 

mgll. slug Irulmenl.!h 10 1 Ib  
(0.15lo0.45kg)perdswater f i rs t I0 toMmi les.  

0.04 IO 0.8 mg/l during first I O  ThreShOld is above these levels. 
miles, 0.08 to 9.0 mgl l  during 

flow 
Dalapon.. ............................ Banks 01 canalsand dilches.. .. 
Diquat.. ............................. Injected into waler or sprayed 

Diuron., ............................. Banks and bolloms 01 Small dry Wellable powder.. ............... Up l o  M Ib,'A 01 12 kg/ha.. ....... NO dala.. ....................... NO dab 

Dichlobenil.. ......................... Bottoms 01 dry canals ........... Granules or wetiable powder.. .... 7 to I O  Ib/A or 7.910 12.6 kglha.. . No da ta... ...................... Allalla.10. corn>lO, soybeanr.l.0. 

Endolhall.. .......................... Ponds and O S ~ l V O i ~ S . .  ... Water SOlUblC NI or K ulb.. ..... 1 to 4 mgfl.. .................... Absent or oniy (races.. ........... Corn.25. field beans.l.0. hllalfa 

Endothall amine salts. ................. Reservoirs and sblic.waler Liquid or granules.. .............. 0.5 10 2.5 mgll.. ................ Absent or only traces.. .......... Corn>25. sybeans>25. sugar beetr- 

Wale1 SOlUblC $all.. .............. 15 I o  30 Ib/A or I 7  to 34 kg.'ha., .. 
l iqu id . .  ........................ 3 10 5 mgil, 1 l o  1.5 Ibs/A. or 

Less than 0.2 mgll.. ........ 
Usually less than 0.1 mg/l., . 

over surface I .2 lOl .7kg/ha 

powder ditches 

sugar beeb.l.Oto I O .  

>10.0 

canals 25 
Fenac.. .............................. Bottoms O l  dry WMlS.. ......... Liquid 01 granules.. .............. I O  I O  20 Ib/A 01 12.6 10 25.2 Absenl O r  only IraCeS.. ........... A11a11a.l.O. COllbl0. soybeans.0.1. 

kgiha sugar beetr.0.1 10 IO. 
Monuron.. ........................... Banks and bollomr 01 SMll dm Wellable powder.. .............. Up l o  64 Ib/A 01 72 kgfha.. ....... NO data.. ....................... NO data 

powder ditches 
....................... Woody plants and brambles on Esters in  lipuid lorm.. ............ 2 l o  4 Ib/A or 2.2 l o  4.4 kg/ha, ... NO dala. Probabiy well under Corn>S.O. s q a r  beels and SQYbOanS 

floodways, along canal, stream. 0.1 mgfl >0.02. 

SOUlhtrn waterways cation 

or reservoir banks 
Floating and emerred weeds in 

TCA., ............................... Banks 01 canals and ditches. .... 
2,4.D amine.. ........................ On banks 01 Canals and ditches.. Lipuid.. ....................... 

... .''... ....................... 2 to 8 Ib/A or 2.2 l o  8.8 k i l ha . .  .. 0.01 to 1.6 mg/l I day alter appli. 

Water soluble PI1 ............... Up to  64 Ib/A 01 72 kg/ha ........ USually less than 0.1 mgll . .  ...... 

" 

NO injuryobserwd II IlvelS Used. 
1 l o  4 Ib/A or 1.1 to 4/4 kglha,. .. 0.01 l o  0.10 mgil. . . . . . . . . . . . . . . .  Field beans>l.O. Inper-0.7. sugar 

beets>0.2. sqbeans>0.02. corn. 

allalfa. peppers>l.O. 
IO. cucumbers. pObtO8S. sorghum. 

Floalinp and emsrsed weeds i n  
southern wnals and ditches 

Picloram.. ........................... For control 01 brush on water. 
sheds beets> 1.0 

... ." .......................... 2 10 4 Ib/A or 2.210 4.4 kgiha.. . .  No dab. Probably less than 

Lipuids or [ranules.. ............. 1 10 3 Ib;A or 1.1 10 3.3  kg.'ha.. .. NO data.. ....................... Corn>lO. field beans 0. I .  sugar 
0.1 mg/l 

0 Sources 01 drla included i n  this table are: U.S. Departmenlo1 Agriculture. Agricultural Research Service (l969)'05, Arle and McRae (1959."3 1960% Bruns (1954.'S* 1957.'90 19M.'91 1969% Bruns and Clare (1958).'" Bruns 

6 Herbicide concentrations given in  this column are the highest concentrations that have been found i n  irrigation waler. hut these levelr seldom remain in the waler when i t  reaches the crop. 
and Dawson (1959):e' Brunt e l  aI. (1955.40: 1964,'QG unpublished data 19115os) Frank et aI. (1910).'S7 Ye0 (1959)50? 

Unless indicated Otherwise. a11 crop tolerance data were obtained by flOOd 01 lurrow irrigation. Threshold 01 injury i s  the lowest concentration causing temporary or permanenl injury I o  crop plants even though, i n  many instances. 
neither crop yield nor quality was allected. 

are designed to deliver a certain volume of water to be used 
on a specific area of cropland. \Vater is diverted from the 
canals at regular intervals, and this systematically reduces 
the volume of flow. Consequently, little or no water re- 
mains at the ends of most canals where disposal of water 
containing herbicides might be troubksome. 

Residues in Crops 

Successful application of herbicides for control of algae 
and submersed vascular weeds in irrigation channels is 
dependent upon a continuous flow of water. Because it  is 
impractical to interrupt the flow and use of water during 
the application of herbicides in canals or on canal banks, the 
herbicide-bearing water is usually diverted onto croplands. 
Under these circumstances, measurable levels of certain 
herbicides may occur in crops. 

Copper sulfate is used most frequently for control o f  
algae at concentrations that are often less than the suggested 
tolerance for this herbicide in potable water. Application 
rates may range from one third pound of copper sulfate per 
cubic-feet-second (cfs) of water flow to two pounds per cfs 
of water flow (Agriculture Research Service I 963).452 
Xylene is a common formulating ingredient for many pesti- 
cides and as such is often applied directly to crop plants. The  
distribution by furrow or sprinkler of irrigation water con- 
taining acrolein contributes to the rapid loss of this herbi- 
cide. Copper sulfate, xylene, and acrolein are of minor im- 
portance as sources of objectionable residues in crops. 

Phenoxy herbicides, dalapon, TCA, and amitrole are 
most persistent in irrigation water (Bartley and Hattrup 
1970).4s5 I t  is possible to calculate the maximum amount of 
a herbicide such as 2,4-D that might be applied to crop- 
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TABLE V - I b M o x i m u m  k v e l s  of Herbicide Residues 
Found in Zrrigotion Woter os o Result of 

Ditch bonk Treot men to 

less than 1.0 &/I being detected. To date there 
have been no documented toxic effects on crops 
irrigated with waters containing insecticide resi- 
dues. Because of these factors and the marked 
variability in crop sensitivity, no recommendation 
is given for insecticide residues in irrigation waters. 

DALAPON For selected herbicides in irrigation water. it  is 

Herbicide and canal lrwled TrDftmanl ratn. lb/A Water Ilorc in ds Maumurn concentration 
dreddue,a, l  

fire.rnile blml ................... 33 
Lalenl Ma 4 ....................... 6.7 
Manard blmdl.. .................. 9.6 
Yolo bleral ........................ 

TCA 
10.5 

15 
230 
37 
26 

- 
recommended that levels at the crop not exceed 
the recommended maximum concentration listed 

365s 
n 
39 

162 

M e r a l  Ma 4 ....................... 3.1 230 12 
Manard Lalenl.. .................. 5.4 
Yolo Lateral.. ..................... 5.9 

37 
26 

20 
69 

in Table V-16. 

PATHOGENS 
2.4-0 AMINE SALT 

Lateral NO. 4 ....................... 1.9 290 5 Plant Pathogens 

Yolo Laleral.. ..................... 3.0 26 36 The availability of "high quality" irrigation water may 
Manard bteral.. .................. 2.7 37 13 

lead to the reuse of runoff water or tailwater and subse- 
4 Frank at el. (1970p9,. 
b High level01 residue Orobbty due 10 atypical trealmenl 

quently lead to a serious but generally unrecognized prob- 
lem, that of the distribution of plant pathogenic organisms - - 

such as bacteria, fungi, nematodes, and possibly viruses. 
TI.:- . ---c ---.-.-- ...L-- . 
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long body of irrigation water contaminated with 2,4-D lands. 
and flowing a t  a velocity of one mile per hour, would he Distribution of Nematodes \Vide distribution of 
diverted onto an adjacent field for a period of 4 hours. A plant-nematodes in irrigation waters of south central Wash- 
diversion rate of two acre inches of water in IO hours would ington and the Columbia Basin of eastern Washington was 
deliver 0.8 inch of contaminated water per acre. If this demonstrated by Faulkner and Bolander (1966,jI5 1970516). 
amount of water contained 50 pg/l of 2,4-D (a higher con- When surface drainage from agricultural fields is collected 
centration than is usually observed), it \vould deposit slightly and reintroduced into irrigation systems, without first being 
less than 0.009 Ib of 2,4-D per acre of cropland. Levels of impounded in settling basins, large numbers of nematodes 
2,4-D residues of greater magnitude have not caused in- can be transferred. Faulkner and Bolander's data indicated 
jury to irrigated crops (see Table \;-15). that an acre of land in the Lower Yakima Valley may re- 

The  manner in which irrigation \rater containing herbi- ceive from 4 million to over 10 million plant-parasitic 
cides is applied to croplands may influence the presence nematodes with each irrigation. Numbers of nematodes 
and amounts of residues in crops (Stanford Research Insti- transported vary with the growing season, hilt some that 
tute 1970).509 For example, residues in leafy crops may be were detectable in irrigation water and demonstrated to be 
greater \\.hen sprinkler irrigated than when furrow irri- infcctive \cere I \ / ~ l o i d o ~ r i e  lia/)la, Heterorlera schaclitii, PraQlen- 
gated, and the converse may be true with root crops. rhus sp., and Tvlenchorhpncliiis sp. 

If there is accidental contamination of field, forage, or hfcagher ( I967)jz6 found that plant-parasitic nematodes 
vegctablc crops by polluted irrigation water, the time inter- such as the citrus nematode, Tjdenclirilus semijwzefrans, may 
val between exposure and harvesting of the crop is im- be spread by subsoil drainage water reused for irrigation. 
portant, especially with crops used for human consumption. Thomason and Van Gundy ( I96l)j3O showed another 
Factors to be considered with those mentioned above in- means by which nematodes may possibly enter irrigation 
clude the intensity of the application, stage of growth, dilu- supplies. Two species of rootknot nematode, h4eloidogyne 
tion, and pesticide degradability in order to assess the incognita and M. jauanica, were found reproducing on arrow- 
amount of pesticide that may reach the ultimate consumer weed, Pluchea sericea, at the edge of sandbars in the Colorado 
(U. S. Department of Health, Education and \\'elfare River a t  Blythe, California. No conclusive evidence that 
I969).jo6 Pesticides applied to growing plants may affect nematodes entered the river was presented, but infested soil 
the market quality by causing changes in the chemical com- and infected roots were in direct contact with the water. 
position, appearance, texture, and flavor of the product Plant-parasitic nematodes are essentially aquatic animals 

Unless provisions are made for excluding them from or 
settling them out of irrigation water, they may seriously 
deteriorate water quality in areas of the United States de- 
pendent on irrigation for crop production. 

Surveys were conducted tode- 
termine the origins and prevalence of Phytophtliora sp., a 

. . .  
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Recommendation 

Pesticide residues in irrigation waters are variable 
depending upon land and crop management prac- 
tices. Recent data indicate pesticide residues are 
declining in irrig:ition waters, with concentrations 

Distribution of Fungi 

0 
'0 
0 
0 

0 

0 
0 



L 

- 1  

fungus pathogenic to citrus, in open irrigation canals and 
reservoirs in five southern California counties by Klotz et 
al. ( 1959).523 Phytophthora progagules were detected by trap- 
ping them on healthy lemon fruits suspended in the water. 

,Of the 12 canals tested from September 1957 to Septem- 
ber 1958, all yielded Phytophthora sp. at  one time or another, 
some more consistently than others. Phytophthora citrophthora 
was the most common and was recovered from 1 1  canals. 

In  the five canals where it was possible to set the lemon 
traps at the source of the water, no P/ytophthora sp. were 
recovered. However, as the canals passed through citrus 
areas where excess irrigation water or rain runoff could 
drain into the canals, the fungi were readily isolated. Soil 
samples collected from paths of runoff water that drained 
into irrigation canals yielded P.  chophthorn, indicating that 
P/ytojhthoru zoospores from infested citrus groves can be in- 
troduced into canals. 

One of three reservoirs was found to be infested with P.  
parasiticn. Application of copper sulfate effectively con- 
trolled the fungus under the static condition of the water 
in the reservoir. Chlorination (2 mg/l for 2 minutes) 
effectively killed the infective zoospores of P/vtophthoru sp. 

McIntosh (1 966) 525 established that P/yto/~hthora cacto- 
rum, which causes collar-rot of fruit trees in British Co- 
lumbia, contaminates the water of many irrigation systems 
in the Okanagan and Similkamen Valleys. The fungus 
was isolated from 15 sources including ponds, reservoirs, 
rivers, creeks, and canals. I t  had been established previously 
that P. cactorutn was widespread in irrigated orchard soils 
of the area, but could not be readily detected in non- 
irrigated soils. 

Many plant-pathogenic fungi normally produce fruiting 
bodies that are wideiy disseminated by whd. A iiiimbei 
do not, however, and these could easily be disseminated 
by irrigation water. 

Most plant pathogenic vi- 
ruses do  not remain infestive in the soil outside the host or 
vector. Two exceptions may be tobacco mosaic virus 
‘(TMV) and tobacco necrosis virus (TNV). There is some 
evidence that these persist in association with soil colloids 
and can gain entry to plant roots through wounds. Hewitt 
et al. (1958)520 demonstrated that fan leaf virus of grape 
is transmitted by a dagger nematode, Xiphinema index. T o  
date, three genera of nematodes, Xiphinema, Longidorus, 
and Trichodorus are known to transmit viruses. The  first 
two of these genera transmit polyhedral viruses of the 
Arabis mosaic group. Trichdorus spp. transmit tubular 
viruses of the Tobacco Rattles group. 

Infective viruses are known to persist in the nematode 
vector for months in the absence of a host plant. This 
information, coupled with Faulkner and Bolander’s (1 966,’15 
1970)516 proof of the distribution of nematodes in irrigation 
water, suggested the possibility that certain plant viruses 
could be distributed in their nematode vectors in irrigation 

. under laboratory conditions. 

Distribution of Viruses 
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water. T o  date, no direct evidence for this has been pub: 
lished. 

Several other soil-borne plant-pathogenic viruses are 
transmitted to hosts by soil fungi. The  ability of the fungus 
Olpidium brassicae to carry and transmit Lettuce Big Vein 
‘Virus (LBVV) was recently demonstrated (Grogan et al. 
1958,519 Campbell 1962,’13 Teakle 19695rJ). I t  is carried 
within the zoospore into fresh roots and there released. 
The  most likely vehicle for its distribution in irrigation 
water would be resting sporangia carried in runoff water 
from infested fields. The resting sporangia are released 
into the soil from decaying roots of host plants. Another 
economically important virus transmitted by a soil fungus 
is \$’heat Mosaic Virus carried by the fungus Po!ym,lxn 
graminis (Teakle 1969).5rJ 

Another means of spread of plant viruses (such as To- 
bacco Rattles Virus and Arabis Mosaic Viruses that are 
vectored by nematodes) is through virus-infected weed 
seed carried in irrigation water. 

Distribution of Bacteria Bacterial plant pathogens 
would appear to be easily transported in irrigation water. 
However, relatively few data have been published con- 
cerning these pathogens. Kelman ( 1953)522 reported the 
spread of the bacterial wilt organism of tobacco in drainage 
water from fields and in water from shallow wells. He  also 
noted spread of the disease along an irrigation canal carry- 
ing water from a forested area, but no direct evidence of 
the bacterium in the water was presented. Local spread in 
runoff water is substantiated but not in major irrigation 
systems. 

Controlling plant disease organisms in irrigation water 
should be preventive rathcr than an attempt to removc 
them once they are introduced. In assuring that irrigation 
,%aLcL uvLJ I I c . I v c  f ~ r  the dispers.! r?f imnnrtant nlant 

pathogens, efforts should be directed to those organisms 
that are not readily disseminated by wind, insects, or 
other means. Attention should be focused on those soil- 
borne nematodes, fungi, viruses, and bacteria that do not 
spread rapidly in nature. 

Two major means of introduction of plant pathogens 
into irrigation systems are apparent. The most common is 
natural runoff from infested fields and orchards during 
heavy rainfall and floods. The  other,is collection of irriga- 
tion runoff or tailwater and its return to irrigation canals. 
If i t  is necessary to trap surface water, either from rainfall 
or irrigation drainage, provisions should be made to im- 
pound the water for sufficient time to allow settling out 
of nematodes and possibly other organisms. 

Water may be assayed for plant pathogens, but there 
are thousands, or perhaps millions of harmless microorgan- 
isms for every one that causes a plant disease. However, 
plant pathogenic nematodes, and perhaps certain fungi, 
can be readily trapped from irrigation water’, easily identi- 
fied, and used as indicators of contamination (Klott et al. 
1959,523 Faulkner and Bolander 1 966,615 McIntosh I 9665’5). 
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Plant infection is not considered serious unless an eco- 
nomically important percentage of the crop is affected. 
The  real danger is that a trace of plant disease can be 
spread by water to an uninfected area, where it can then 
be spread by other means and become important. I t  is 
unlikely that any method of water examination would be 
as effective in preventing this as would the prohibitions 
such as those suggested above. 

Human and Animal Pathogens 

Many microorgan.isms, pathogenic for either animals or 
humans, or both, may be carried in irrigation water, 
particularly that derived from surface sources. The  list 
comprises a large variety of bacteria, spirochetes, protozoa, 
helminths, and viruses which find their way into irriga- 
tion water from municipal and industrial wastes, including 
food-processing plants, slaughterhouses, poultry-processing 
operations, and feedlots. The diseases associated with these 
organisms include bacillary and amebic dysentery, Sal- 
monella gastroenteritis, typhoid and paratyphoid fevers, 
leptospirosis, cholera, vibriosis, and infectious hepatitis. 
Othcr less common infections are tuberculosis, brucellosis, 
listeriosis, coccidiosis, swine erysipelas, ascariasis, cysti- 
cercosis and tapeworm disease, fascioliasis, and schisto- 
somiasis. 

Of the types of irrigation commonly practiced, sprinkling 
requires the best quality of water from a microbiological 
point of a view, as the water and organisms are frequently 
applied directly to that portion of the plant above the 
ground, especially fruits and leafy crops such as straw- 
bcriics, lettiice, cabbage, alhlh,  atid ciovrr which may be 
consumed raw by humans or animals. Flooding the field 
may pose the same microbiological problems if the crop is 
eaten without thorough cooking. Subirrigation and furrow 
irrigation present fewer problems as the water rarely reaches 
the upper portions of the plant; and root crops, as well as 
normal leafy crops and fruits, ordinarily do  not permit 
penetration of the plant by animal and human pathogens. 
Criteria for these latter types may also depend upon the 
characteristics of the soil, climate and other variables which 
aflect survival of the microorganisms. 

Benefits can be obtained by coordinating operation of 
reservoir releases with downstream inflows to provide 
sedimentation arid dilution factors to markedly reduce 
the concentrations of pathogens in irrigation water (Le- 
Bosquet 1945,j2‘ Camp et al. 1949ji2). 

The  common liver fluke, Fasciola hepatica, the ova of 
which are spread from the feces of many animals, com- 
monly affects cattle and sheep (Allison 1930,j’O U S .  Dept. 
Agriculture 196lS3I), and may affect man. The  intermediate 
hosts, certain species of snails, live in springs, slow-moving 
swampy waters, and on the banks of ponds, streams, and 
irrigation ditches. After development in the snail, the cer- 
carial forms emerge and encyst on grasses, plants, bark, or 
soil. Cattle and sheep become infected by ingestion of 

grasses, plants, or water in damp or irrigated pastures 
where vegetation is infested with metacercariae. Man 
contracts the disease by ingesting plants such as watercress 
or lettuce containing the encysted metacercariae. 

Ascaris ova are also spread from the feces of infected ani- 
mals and man and are found in irrigation water (Wang and 
Dunlop 1954).ja2 Cattle and hogs are commonly infected, 
where the adult worms mature in the intestinal tract, some- 
times blocking the bile ducts. Ascaris ova have been re- 
ported to survive for 2 years in irrigated soil and have been 
found on irrigated vegetables even when chlorinated ef- 
fluent was used for irrigation (Gaertner and Mueting 
1951).5L7 

Schistosomiasis, although not yet prevalent in the United 
States except in immigrants from areas where the disease 
exists, should be considered because infected individuals 
may move about the country and spread the disease. The 
life cycle of these schistosomes is similar to that of the liver 
fluke, in that eggs from the feces or urine of infected indi- 
viduals are spread from domestic wastes and may reach 
surface irrigation water where the miracidial forms enter 
certain snails and multiply, releasing cercariae. Although 
these cercariae may produce disease if ingested by man, the 
more common method of infection is through the skin of 
individuals working in infested streams and irrigation 
ditches. Such infections are most common in Egypt (Barlow 
1937)511 and other irrigated areas where workers wade in the 
water without boots. It is unlikely that the cercariae would 
survive long on plants after harvest. 

Little is known of the possibility that enteric viruses such 
as poiioviruses, Coxsackie, ECHO, and infectious hepatitis 
viruses may be spread through irrigation practices. Murphy 
and his coworkers (Murphy et al. 1958)j2’ tested the sur- 
vival of polioviruses in the root environment of tomato and 
pea plants in modified hydroponic culture. In a second 
paper, Murphy and Syverton ( 1958)jZ8 studied the recovery 
and distribution of a variety of viruses in growing plants. 
The  authors conclude that it is unlikely that plants or plant 
fruits serve as reservoirs and carriers of poliovirus. How- 
ever, their findings of significant absorption of a mammalian 
virus in the roots of the plants suggest that more research is 
needed in this area. 

Many microorganisms other than those specifically men- 
tioned in this section may be transmitted to plants, animals, 
and humans through irrigation practices. One of the more 
serious of these is vibriosis. In  some cases, definitive infor- 
mation on microorganisms is lacking. Although others, such 
as the cholera organisms, are significant in other parts of 
the world, they are no longer important in the United 
States. 

Direct search for the presence of pathogenic micro- 
organisms in streams, reservoirs, irrigation water, or on ir- 
rigated plants is too slow and cumbersome for routine con- 
trol or assessment of quality. Instead, accepted index 
organisms such as the coliform group and fecal coli (Kabler 
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I et al. 1964),521 which are usually far more numerous from 

these sources, and other biological or chemical tests, are 
used to assess water quality. 

Recent studies have emphasized the value of the fecal 
coliform in assessing the occurrence of salmonella, the most 
common bacterial pathogen in irrigation water. Geldreich 
and Bordner ( 1971)518 reviewed field studies involving ir- 
rigation water, field crops, and soils, and stated that when 
the fecal coliform density per 100 ml was above 1,000 
organisms in various stream waters, Salmonella occurrence 
reached a frequency of 96.4 per cent. Below 1,000 fecal 
coliforms per 100 ml (range 1-1000) the occurence of 
Salmonella was 53.5 per cent. 

Further support for the limit of 1,000 fecal coliforms per 
100 ml of water is shown in the recent studies of Cheng et al. 
(1971),5L4 who reported that as the fecal coliforms density 
reached less than 810 per 100 ml. downstream from a sewage 
treatment plant, Salmonella were not recovered. 

Recommendation 

Irrigation waters below the fecal coliform den- 
sity of 1,000/100 ml should contain sufficiently low 
concentrations of pathogenic microorganisms that 
no hazards to animals or man result from their 
use or from consumption of raw crops irrigated 
with such waters. 

THE USE OF WASTEWATER FOR IRRIGATION 

An expanding population requires new sources of water 
for irrigation of crops and development of disposal systems 
for municipal and other wastewaters that will not result in 
the contamination of streams, lakcs, and occans. Irrigation 
of crops with wastewater will probably be widely practiced 
becaiise it meets hnth needs simiiltaneni.ir!y 

Wastewater From Municipal Treatment Systems 

Various human and animal pathogens carried in munici- 
pal wastewater need to be nullified. Pathogens carried in 
municipal wastewater include various bacteria, spirochetes, 
helminths, protozoa, and viruses (Dunlop 1968).538 Tanner 
(1944)s5s and Rudolfs et al. (1950)555 have reviewed the 
literature on the occurrence and survival of pathogenic and 
nonpathogenic enteric bacteria in soil, water, sewage, and 
sludges, and on vegetation irrigated or fertilized with these 
materials. I t  would appear from these reviews that fruits 
and vegetables growing in infected soil can become con- 
taminated with pathogenic bacteria and that these bacteria 
may survive for periods of a few days to several weeks or 
more in the soil, depending upon local conditions, weather, 
and the degree of contamination. However, Geldreich and 
Bordner ( 1971)541 noted that pathogens are seldom detected 
on farm produce unless the plant samples are grossly con- 
taminated with sewage or are observed to have fecal particles 
clinging to them. The level of pathogen recovery depends 

upon the incidence of waterborne disease in the area, the 
soil type, soil pH, soil moisture content, soil nutrient 
levels, antagonistic effects of other organisms, temperature, 
humidity, and length of exposure to sunlight. 

Norman and Kabler (1953)551 made coliform and other 
bacterial counts in samples of sewage-contamination river 
and ditch waters and of soil and vegetable samples in the 
fields to which these waters were applied. They found that 
although the bacterial contents of both river and ditch waters 
were very high, both soil and vegetable washings had much 
lower counts. For example, where irrigation water had 
coliform counts of 230,000/100 ml, leafy vegetables had 
counts of 39,000/100 grams and smooth vegetables, such as 
tomatoes and peppers, only 1,000/100 grams. High entero- 
coccus counts accompanied high coliform counts in water 
samples, but enterococcus counts did not appear to be cor- 
related in any way with coliform counts in soil and vegetable 
washings. 

Dunlop and Wang ( 1961)539 have also endeavored to 
study the problem under actual field conditions in Colorado. 
Salmonella, Ascaris ova, and Entamoeba coli cysts were re- 
covered from more than 50 per cent of irrigation water 
samples contaminated with either raw sewage or primary- 
treated, chlorinated effluents. Only one of 97 samples of 
vegetables irrigated with this water yielded Salmonrlla, but 
Ascaris ova were recovered from two of 34 of the vegetable 
samples. Although cysts of the human pathogen, Entanrotha 
hisfohlica, were not recovered in this work, probably due to 
a low carrier rate in Colorado; their similar resistance to 
the environment would suggest that these organisms would 
also survive in irrigation water for a considerable period of 
time. I t  should be pointed out, however, that this work was 
done entirely with furrow irrigation on a sandy soil in a 
semiarid region, and the low recoveries from vegetables 

irrigation of similar crops. In  fact, hliuller (1957)"' has re- 
ported that two places near Hamburg, Germany, where 
sprinkler irrigation was used, Salmonella organisms were iso- 
lated 40 days after sprinkling on soil and on potatoes, 10 
days on carrots, and 5 days on cabbage and gooseberries. 

Muller ( 1  955) 549 has also reported that 69 of 204 grass 
samples receiving raw sewage by sprinkling were positive 
for organisms of the typhoid-paratyphoid group (Salmonella). 
The bacteria began to die off 3 weeks after sewage applica- 
tion; but 6 weeks after application, 5 per cent of the sam- 
ples were still infected. These findings emphasize the im- 
portance of having good quality water for sprinkler irriga- 
tion. 

Tubercle bacilli have apparently not been looked for on 
irrigated crops in the United States. However, Sepp 
( 1963)557 stated that several investigations on tuberculosis 
infection of cattle pasturing on sewage-irrigated land have 
been carried out in Germany. The investigators are in gen- 
eral agreement that if sewage application is stopped 14 days 
before pasturing, there is no danger that the cattle will con- 
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- tract bovine tuberculosis through grazing. In  contrast, 
Dedie (1 955)537 reported that these organisms can remain 
infective for 3 months in waste waters and up to 6 months 
in soil. T h e  recent findings of a typical mycobacteria in 
intestinal lesions of cattle with concurrent tuberculin sensi- 
tivity in the United States may possibly be due to ingestion 
of these organisms either from soil or irrigated pastures. 

Both animals and human beings are subject to helminth 
infections-ascariasis, fascioliasis, cysticerosis and tapeworm 
infection, and schistosomiasis-all of which may be trans- 
mitted through surface irrigation water and plants infected 
with the ova or intermediate forms of the organisms. The 
ova and parasitic worms are quite resistant to sewage 
treatment processes as well as to chlorination (Borts 1949)ja3 
and have been studied quite extensively in the application 
of sewage and irrigation water to various crops (Otter 
1951 , 5 j 3  Selitrennikova and Shakhurina 1953,j56 iVang and 
Dunlop 19545@). Epidemics have been traced to crop con- 
tamination with raw sewage but not to irrigation with 

The  chances of contamination of crops can be further re- 
duced by using furrow or subirrigation instead of sprinklers, 
by stopping irrigation as long as possible before harvest 
begins, and by educating farm workers on sanitation prac- 
tices for harvest (Geldreich and Bordner 1971).5‘1 It  is 
better to restrict irrigation with sewage water to crops that 
are adequately processed before sale and to crops that are 
not used for human consumption. 

Standards are needed to establish the point where irriga- 
tion waters that contain some sewage water must be re- 
stricted and to indicate the level to which wastewater must 
be treated before i t  can be used for unrestricted irrigation. 

The direct isolation of pathogens is too slow and com- 
plicated for routine analyses of water quality (Geldreich 
and Bordner 1971).54L A quantitative method for Salmonella 
detection has been developed recently (Cheng et al. 
I97 However, the minimum number of Salmonella 
required to cause infection are not known, and data are not 
available to correlate incidence of Salmonella with the inci- 
dence of other pathogens (Geldreich 1970).540 The fecal 
coliform group has a high positive correlation with fecal 
contamination from warm-blooded animals and should be 
used as an indicator of pollution until more direct methods 
can be developed. 

Information is available indicating the levels of fecal 
coliform at which pathogens can no longer be isolated from 
irrigation water. Salmonella were consistently recovered in 
the Red River of the north when fecal coliform levels were 

form levels of 218 and 49/100 ml (ORSANCO [Vater Users 
Committee 1971).552 Cheng et al. (1971)536 reported num- 
bers of fecal coliform at various distances downstream, 
and Salmonella was not isolated from samples containing 
less than 8 10 fecal coliforms/ 100 ml. Geldreich and Bordner 
( 1971)541 presented data from nationwide fiehl investiga- 
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tions showing the relationship between Salmonella oc- 
currence and fecal coliform densities. Salmonella occur- 
rence was 53.5 per cent for streams with less than 1,000 fecal 
coliforms per 100 ml and 96.4 per cent for streams with 
more than 1,000 fecal coliforms per 100 ml. A maximum 
level of 1,000 fecal coliforms per 100 ml of water appears 
to be a realistic standard for water used for unrestricted ir- 
riga tion. 

Secondary sewage effluent can be chlorinated to reduce 
the fecal coliform bacteria below the 1,000 per ml limit, but 
viruses may survive chlorination. IVastewater used for un- 
restricted irrigation should receive at least primary and 
biological secondary treatment before chlorination. Filtra- 
tion through soil is another effective way to remove fecal 
bacteria (Merrell et al. 1967,54s Bouwer 1968,534 Bouwer 
and Lance 197O,j3j Lance and IVhisler 1972).544 

The elimination of health hazards has been the primary 
consideration regulating the use of sewage water in the 
past. But control of nutrient loads must also be a prime con- 

against the nutrient removal capacity of the soil-plant sys- 
tem to minimize groundwater contamination. Kardos 
( I968)j4? reported that various crops removed only 20 to 
60 per cent of the phosphorus applied in sewage water, but 
the total removal by the soil-plant system was about 99 per 
cent. 

iMany biological reactions account for nitrogen removal 
from wastewater, but heavy applications of sewage water 
can result in the movement of nitrogen below the root zone 
(Lance543 in pess 1972). 

\Vork with a high-rate groundwater recharge systrm i r t i -  

lizing sewage water resulted in 30 per cent nitrogen removal 
from the sewage water (Lance and Whisler 1972).j44 

Nitrate can accumulate in plants supplied with nitrogen 
in excess of their needs to the point that they are a hazard 
to livestock. Nitrate usually accumulates in stems and leaves 
rather than in seeds (Viets 1965).559 

The concentration of trace elements in sewage water used 
for irrigation should meet the general requirements estab- 
lished for other irrigation waters. Damage to plants by toxic 
elements has not yet been a problem on lands irrigated with 
sewage water in the United States. Problems could develop 
in some areas, however, if industries release potentially toxic 
elements such as zinc or copper into sewage treatment sys- 
tems in large quantities. The concentration of boron in 
sewage water may become a problem if the use of this ele- 
ment in detergents continues to increase. The  guidelines for 
salinity in irrigation water also apply to sewage water used 
ior irr-igarion. 

The organic matter content of secondary sewage water 
does nut appear to be a problem limiting its use in irrigation. 
Secondary sewage effluent has been infiltrated into river 
sand at  a rate of 100 meters per year in Arizona (Bouwer 
and Lance 1970).535 The  COD of this water was consistently 
reduced from 50 mg/l to 1 7  mg/l or the same COD as the 
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native groundwater of the area. The organic load might be 
a factor in causing clogging of soils used for maximum irri- 
gation to promote groundwater recharge. Suspended solids 
have not been reported to be a problem during irrigation 
with treated effluents. 

Wastewater From Food Processing Plants and Animal 

Wastewater from food processing plants, dairy plants, 
and lagoons used for treatment of wastes from feedlots, 
poultry houses, and swine operations, may also be used for ir- 
rigation. Some food processing wastewater is high in salt 
content and the guidelines for salinity control concerning 
unrestricted irrigation in the Section, Irrigation Quality for 
Arid Regions, should be followed (Pearson in press 1972554). 
Effluents from plants using a lye-peeling process are gen- 
erally unsuitable for irrigation due to their high sodium 
content. All of the wastewaters mentioned above are 
usually much higher in organic content than secondary 
sewage effluent. This can result in clogging of the soil 
surface, if application rates are excessive (Lawton et al. 
1960,"' Law 1968,545 Law et at. 1970).546 Only well 
drained soils should be irrigated, and runoff should be pre- 
vented unless a closely managed spray-runoff treatment 
system is used. The nutrient content of the wastewaters 
varies considerably. The nutrient load applied should be 
balanced against the nutrient removal capacity of the soil. 
Food processing wastes present no pathogenic problem and 

Waste Disposal Systems 
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may be used for unrestricted irrigation. Since some animal 
pathogens also infect humans, water containing animal 
wastes should not be applied with sprinkler systems to crops 
that are consumed raw. 

Recommendations 

0 Raw sewage should not be used in the United 
States for irrigation or land disposal. 

0 Sewage water that has received primary treat- 
ment may be used on crops not used for human 
consumption. Primary effluents should be free 
of phytotoxic materials. 

0 Sewage water that has received secondary treat- 
ment may also be used to irrigate crops that are 
canned or similarly processed before sale. 

0 Fecal coliform standard for unrestricted irri- 
gation water should be a maximum of 1,000/100 
ml. 

0 The amount of wastewater that  can be applied 
is determined by balancing the nutrient load of 
the wastewater against the nutrient removal 
capacity of the soil. 

0 Phosphorus will probably not limit sewage appli- 
cation because of the tremendous adsorption 
capacity of the soil. 

0 The nitrogen load should be balanced against 
crop removal within 30 per cent unless additional 
removal can be demonstrated. 
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INTRODUCTION 

WATER USE 

Since the advent of the industrial era, the use and 
availability of water has been of primary concern to industry 
both in the selection and design of plant sites and in plant 
operation. By 1968 the water withdrawal of industry- 
including both industrial manufacturing plants and inves- 
tor-owned thermal electric utilities-had reached a total of 
approximately 84,000 billion gallons per year (bgy). Of 
these, about 93 per cent or 78,000 bgy was used for cooling 
or condensing purposes; 5 per cent or nearly 4,300 bgy 
was used for processing, including water that came in 
contact with the product as steam or coolant; and less than 
2 per cent or 1,000 bgy was used as boiler-feed water (U. S. 
Department of Commerce, Bureau of the Census 1971’9 
hereafter referred to as Bureau of the Census 1971).5 * 

Of the total intake nearly 30 per cent or 25,000 bgy was 
brackish water containing more than 1,000 milligrams per 
liter (mg/l) of dissolved solids. The  freshwater intake 
amounted to 59,000 bgy; 56,000 of these took the form of 
surface water delivered by water systems owned by the user 

company. Groundwater amounted to 2,300 bgy, a relatively 
small percentage of the total intake, but its significance and 
importance cannot be overlooked in view of the number of 
industrial plants that use it for part or all of their supply. 

Thirty per cent of the approximately 4,000 bgy used by 
the manufacturing processes in 1968 was treated or secured 
from a public water supply. Ninety per cent of all the water 
the manufacturing industry used for boiler feed and pro- 
cessing was represented in this figure. Water for cooling or 
condensing represented over 90 per cent of total industrial 
water use. The largest part of this was on a once-through 
basis where only a minimum of treatment was economically 
feasible. 

Table 1 7 1 - 1  summarizes the information on water intake, 
recycling, and consumption for each industrial group con- 
sidered in this Section. Recycling may include reuse for dif- 
ferent cooling or process systems, recirculation through cool- 
ing towers or cooling ponds, recharge of water to an under- 
ground aquifer, or reuse of effluents from sewage or waste 
treatment plants. 

TABLE VI-1-Industrial Plant and Investor-Owned Thermal Electric Plant Water Intake, Reuse, and Consumption, 1968 

Water intake ( b o )  
Gross water use. 

SIC Industrial group PUlDOSe Water recycled ( b o )  mluding raycling Water consumed Water discharged 
(bo)  ( b o )  (bw) 

Cooling and condensing Boiler feed. Ploteft TodaI 
sanitafy service, etc. 

20 
n 
24 
26 
211 
29 
31 
31 

Fond and kindred products.. ..... 
Textile mill products.. ........... 
Lumber and wood produck. .  .... 
Paper and allied products.. ...... 
Chemicals and allied products.. ... 
Petroleum and coal products.. .... 
Luther and leather products. .... 
Rimary molal industry. ......... 

Subtotal.. ................ 
Olhsr Industries. ......... 

Total lnduslq ............. 
Thermal eleclric phntr..  ......... 

TOTAL.. ................ 

421 
21 
62 
652 

3,533 
1.230 

1 
3.632 

9,561 
514 

10,135 
6a.m 
78,335 

- 

- 

- 

93 
22 
20 

123 
210 
111 

1 
165 

145 
291 

1.036 

- 

- 
( 0 )  ....... - 

1,036 (b) 

290 
109 
31 

1.4111 
133 
95 
14 

1.201 

3,963 
312 

4,235 

- 

- 
............... - 
4,295 

1110 
155 
I19 

2.253 
4,476 
1,436 

16 
5,w4 

14,263 
1,191 

15,466 
6a.m 
0.666 

- 

- 

- 

535 
114 
81 

4,210 
4,943 
5.1155 

4 
2,160 

111,645 
1.589 

20.234 
11.525 

211.159 

- 

- 

- 

1,345 
329 
206 

6.523 
9.416 
1,291 

20 
1,184 

32.914 
2,1116 

35.100 
16,125 

112.425 

- 

- 

- 

51 
19 
26 
115 
301 
219 

1 
308 

1.106 
84 

1,190 
100 

I.293 

- 

- 

- 

153 
136 
93 

2.0111 
4,175 
1.211 

15 
4,696 

13,163 
1,113 

14,216 
68,100 

82,316 

- 

- 

- 

Boiler4md water UI by Ulnmal electric plants estimated to be q u i n l e n l  to industrial sanitary service. elr. n t e r  u p .  
bTolrl boiler4eed water. 
BUIWU nl the Census 19115 

Literature citations appear at the end of the Section. They can be located alphabetically or by superscript number. 
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3 70/SecLion ['I-Induslrial Water S i lp l ies  

SCOPE 

After describing industry's use of water in steam genera- 
tion and cooling, the panel on Industrial Water Supplies 
esamined ten groups of one or more industries as def ind by 
the Standard Industrial Classification (SIC) coding used 
by the Bureau of the Census (U. S. Executive Office of the 
President, Bureau of the Budget 1967).22 

The industries included textile mills (SIC 22), lumber 
and wood (SIC 24), pulp and paper (SIC 26), chemical and 

major users of water were included, representing a variety 
of industries in order to insure that a wide cross section of 
water qualities would be described. 

Industrial effluents cause water quality changes in the 
receiving systems, but consideration of these changes was 
not part of the charge to the Panel on Industrial Water 
Supplies. The other Sections in this Report include con- 
sideration of the effects of many specific constituents of such 
effluents as related to various water uses. 

allied products (SIC 28), petroleum refining (SIC 29-1 I ) ,  
primary metals (SIC 33), food canning (SIC 2032 and 

\AIATEB aEgUlaEAAENTS 

2033), bottled and canned soft drinks (SIC 2086), tanning 
(SIC 31 1 I ) ,  and mining and cement (SIC IO). Only the 

Water quality requirements differ widely for the broad 
variety of industrial uses, but modern water treatment tech- 

TABLE VI-2-Surnmory of Specific Quality Chorocteristics of Surfoce Woters Thot Hove Been Used os Sources for Industriol 
Woter Supplies 

(Unless otherwire indicated. units a10 mg/l and nlues are mdmumr No one water will hare a l l  lho mi imum nlues shown) 

Boiler Makeup water Cooling Waler Prm Watec 

M i n i q  lnduslty 
Fresh Brackish- Pulp and Prim. Oil Recmay 

Injection Waters Characteristics lnduslrial Utility 700 le i t i le Lumber Paper Chemical Petroleum Metals Copper 
010 1,SW l05.000 Once Makeup On= Makeup Industry lnduslq Indusby Industry lnduslq Indusby Sulflde Coppar 

psi: psi: lhrouih req& through recycle SIC22 SIC-24 SIC-26 SIC-20 SIC-29 SIC-31 Conccnba- leach Sea FMIN~~OII 
lm Process Solution Water Wala 

Waler 

Silica (SiOd ........... 150 150 
Aluminum (AI).. . 3 3 
Iron(Fe) .............. 110 110 
Man:anea(Mn) ...... 10 10 
Copper (Cu). .......................... 
Calcium(Ca) . . . . . .  . . . . .  

Magnesium (MI). ...................... 
Sodium L potassium ................. 

Ammonia ("3) ......................... 
Bicarbonate (HCO]). , , . €44 500 
Sullale (SO,). ......... 1.400 1.400 
Chloride (Cl) .  ......... 19.000 19,000 
Fluoride (F). ........................... 
Nitrate (NO,) .......................... 
Phosphate (PO,). ............... 50 
Oissolred Solids.. ..... 35.000 15.000 
Suspended Solids. ..... 15,WO 15.1244 
Hardness (CaCOI) ..... 5.ooO 5,WO 
Alkatinily(CaC0,) ..... SW 500 
Acidit) (CaCO,) ........ 1,000 1,000 
pH. units .............................. 
Color, units ............ 1.200 1.200 
Organics: 

M8lhjlenO blue ace 2d IO 

Carbon lebachlMide 100 100 

Chemical o r l i e n  de. I00 500 

(Na+K) 

tire substances ..... 

ertntl . .  .......... 

mand (COO) 
Hjdrqen sulfid0(H?S). ................. 
rnnpmn.tuio. r ........ I N  I N  

.__ ... - .  . - 

50 
3 

I 4  
1.5 

......... 
I?? 

......... 

......... 

......... 
600 
680 
600 

10 
4 

1.000 
5.W 

llyl 
500 

0 
5.W.9 

......... 

1.3 

(9 

......... 

......... 
... 
IW 

150 
I 

80 
IO 

% 
.......... 

.......... 

.......... 

.......... 
600 
bB0 
500 

30 
4 

1.WO 
15.CQO 

850 
SW 
200 

3.C9.1 
1,200 

.......... 

1.3 

I00 

100 

.......... 
Id 

25 

1.0 
0.02 

........... 
! .E 

........... 

........... 

........... 
1110 

2,100 
22.m 
........... 

5 
15, Ow 

250 
7.W 

150 
0 

5.W.4 

25 

1.0 
0.02 

........... 
!.-E 

........... 

........... 

........... 
I110 

2. 700 
22,000 

......... 
5 

15,000 
250 

7.WO 
I 5 0  

0 
5 . 0 4 . 4  

........... 

(') 

........... 

4 
I W  

1.1 

100 

m 
4 

im 

.................. Y) 

........................... 
0.3  ......... 2.6 
1.0 .................. 
0.5 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

.................. m 

........................... 

........................... 

150 ......... 1,0110 
1.OW (e) ......... 

I20  ......... 475 
........................... 
........................... 
6.W.O 5-9 4.69.4 
.................. 160 

........................... 

........................... 

.................. 95, 

........ 85 

10 15 
................. 

2 

.*" 
1- 23 

100 85 
........ 210 

........ 40 
600a 
w m  
m 1,600 

........ 1.2 

........ 0 

2,5110 1,500 
10,000 5.000 
1.000 m 
m f 0 D  

5.5-9.0 6.0-9.0 
5 0 0 2 5  

................. 

................ 

........ 20 

................. 

......... 

......... 

......... 

......... 

......... 

......... 

......... 
500 

1,500 
3.000 
1,OW 
200 
15 

3-9 

10 

I00 

......... 12.ooo 

......... 12.wDo 0.2 

. *." 
, ,a ,"  ........ itt 
(*COS 
......... 12,OW 1.272 
................. I0,W 

................. 142 
1.634 64,oOO 2.560 

12 ......... 1a.m 

2.100 ........ u.292 

1.530 
415 

to11.1 s3.5 ........ 

13 

i. iii 

655 
42.m 

201 
42 

12.102 

1 IO. 524 

10 6.5 

a Watec wnlaining in excess ol I.Om my1 dinolred rofidr 
b May be _<l.oW IM mechanical pulping opuatiwu 

d One m:/l lor pressures aboro 700 pdg. 
9 No floating o i l  
I Applies to bleached chemical pulp and pap Mb. 
I 12,WO m i l l  Fa includes 6.W Fs': and 6.OW F o l .  
ASTM Standards 197IT M Standard Methods I91ti' 

No plrticles 21 mm diameter. 
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nology is capable of treating almost any raw water to render 
it suitable for any industrial use. T h e  treatment may be 
costly, and may require large ground space not always 
available a t  otherwise suitable plant locations. Somrtimes 
the substitution of a more expensive alternative supply is 
necessary. Nevertheless, in most cases, the costs involved 
are but a small part of the total production and marketing 
costs. of the industrial product in question. 

It is evident that the more nearly the composition of an  
available water supply approaches the particular composi- 
tion needed, the more desirable that water is, and, con- 
versely, the more such compositions differ, the more difficult 
and expensive it is to modify the water for use. Improper 
operation or malfunction of control instruments or water 
treating equipment may cause a deterioration of the treated 
water, and this, in turn, can cause deterioration or loss of 
product and damage to equipment. The  poorer the quality 
of the raw water, the more serious the consequences of such 
malfunctions. 

Improving the quality of a given water supply will only 
incrementally decrease the cost of treatment for an industrial 
installation, because it is often too late to make economical 
alterations in the existing water treatment facilities. For the 
same reason, if the quality characteristics of the water supply 
are allowed to deteriorate from their usual range, the cost 
for treatment can be substantially increased. O n  the other 
hand, improved water supply characteristics at  a givcn site 
may mean lower water treatment costs for other industries 
subsequently established there. 

Table VI-2 summarizes quality characteristics of surface 
waters at the point of intake that have been used as sources 
of boiler makeup, cooling, and process water. 

CQNCLUSIONS 

Industry is diversified in kind, size, and product. It 
incorporates many processes, including different 

ones to achieve the same ends. Water quality require- 
ments for different industries, for various industrial 
processes within a single plant, and for the same 
process in different plants vary widely. 
Water quality requirements a t  point of IUF, as dis- 
tinguished from requirements at 1,oint of intokc, are 
established for a number of industrial processes but 
are inadequately defined or nonexistent for others. 
Modcrn water treatment technology permits \ va tu  
of virtually any quality to be treated to provide the 
characteristics desired by industry at  point of use. 
Occasionally, this may be costly: but i n  general the 
cost of treating water for specific processes is ac- 
ceptable to industry, because it is only a small part 
of total production and marketing costs. 

0 Although water quality at  pain/ of usr is critical for 
many industrial processes, industry's intokc wolcr 
quality requirements are not as stringent as those 
for public water supplies, recreational or agricul- 
tural use, or support of aquatic life. 

0 Because of the diversity of industrial water quality 
requirements, i t  is not possible to state spcc.ific values 
for intake water quality characteristics for industrial 
use. Ordinarily these values lie bet\vecn thosc that 
have been used by industries for sourccs of water 
(Table VI-2) and the quality recommended for 
other uses in other sections of this book. 

Recommendations 

Desirable intake water quality characteristics for 
industrial water supplies can be meaningfully 
designated as a range lying between the values that 
have been used by industry for sources of water 
(Table VI-2) and the quality characteristics recorn- 
mended for other water uses in other chapters of 
this Section. Values that exceed those in Table 1'1-2 
would ordinarily not be acceptable to industry. 

. 
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BASK WATER UREABMENU PROCESSES 

. ., , . .  . .  
. t: 

A wide range of treatment processes is available to pro- 
duce water of the required quality for industry at  the point 
of use. Treatment methods fall into two general categories: 
external and internal. External treatment refers to pro- 
cesses utilized in altering water quality prior to the point of 
use. The  typical household water softening unit is an external 
treatment. Internal treatment refers to processes limited 
basically to chemical additives utilized to alter water quality 
at  the point of use or within the process. Water softcning 
compounds used in laundering are forms of internal treat- 
ment. Water treatment processes are in themselves uscrs of 
water. Kormally, 2 to IO per cent of the feed water ends up 
as waste generated by treatment processes (see Tablc 1’1-3). 
Thus, the actual water intake is greater than the treatcd 
water produced. 

EXTERNAL WATER TREATMENT PROCESSES 

Figure VI-I is a schematic diagram of the most common 
esternal water treatment processes. Properly applied, alone 
or in various combinations, these processes can convert any 
incoming water quality to a usable quality. A dramatic es- 
ample is the conversion of brackish water to a w t c r  that 
esceeds the quality of distilled water. 

Note that the flow chart illustrates many processes and 
that a particular process is applied to remove a particular 
contaminant. If that contaminant does not appear in the 
water or is harmless for the intended use of the \vater, that 
process would not be used. For example, a clear well water 
might not need filtration prior to further treatment. In 
addition, the water use determines the extent of treatment. 
For example, to use Mississippi River water for cooling, 
rough screening to remove the floating debris may be suf- 
ficient for some applications, whereas clarification and filtra- 
tion may be required for other uses. T o  use that same water 
for makeup for a super critical pressure boiler would require 
further treatment by ion exchange, perhaps strong cation, 
strong anion, and mixed bed exchangers. 

As previoiisly stated, industry’s need for water can be met 

even under the poorest conditions. However, the use of 
water treatment systems is not without consequence. Ex- 
ternal water trcatment processes concentrate a particular 
contaminant or contaminants. Thus, in the quest for pure 
water, a waste product is generated. The waste product is a 
pollutant and the cost of its disposal must be considered as 
part of the overall cost of water treatment. 

The  estimates of waste volume and solids in Table VI-3 
are based on treating a water with an  analysis such as shown 
i n  Table VI-4. Table VI-4 also illustratcs an analysis of 
several common forms of water treatment. The estimates 
are thus typical only of the water described and will vary 
i v i t h  diflcrent water supplies. \Vaste volumes are stated as a 
percentage of inlet flow. Thus, a 2,000 gallon per minute 
(gpm) clarifier will discharge 40 to 100 gpm of sludge. 

1 he ioiiowing paragraphs brieHy describe the available 
treatment methods, outline their capabilities, and combined 
with Table \,.1-3, provide a general idea of the waste pro- 
duced. (The groupings A, B, and C do not imply treatment 
schemes or necessarily indicate a sequence of treatment.) 
The processes are applicable to various water characteris- 
tics; i t  is immaterial whether the supply is surface or ground 
water. Since the equipment used can be of appreciable size, 
available land area can be an important factor in the selec- 
tion of a particular process. 

Group A Processes 

Rough Screens Generally installed at  the actual point 
of intake, rough screens are simple bars or mesh screens 
used to trap large objects and prevent damage to pumps 
and other mechanical equipment. 

Sedimentation This process takes place in large open 
basins used to reduce the water velocity so that heavier 
suspended particles can settle out. 

Clarification Chemical additives (e.g., aluminum 
salts, iron salts, lime) are used in large open basins so that 
practically all suspended matter, color, odors, and organic 
compounds can be removed efficiently. 

The  equipment used here is 

I. 

Lime Softening (cold) 
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similar to that used for clarification. In addition to floccu- 
lent chemicals, lime and sometimes soda ash are used in 
large open basins. Clarification is obtained, and a large 
portion of the calcium and magnesium bicarbonates are 
removed. 

The process is, in general, the 
same as cold except that it is carried out at  or above 212 F. 
The results are the same but with the added benefit of silica 
removal. The  characteristics of wastes are the same but at  a 
high temperature. Note that further treatment of hot lime 

Lime Softening (hot) 

TABLE Vl-3-Waste Generated b y  Treotment Processes 

Example 01 waste 
Tmtment  prmw Character of waste produced Waste volume weightb dry basis 

percentage flow pounds solids.11.000 
gal processed 

Rough rtrsens., ............... large objects, debris 
Sedimenlation .................. Sand, mud slurry 5-10 
Clari Scation., .................. Usually acidic chemical sludge 2-5 1.3 

Cold lime soltening.. ........... Alkaline chemical sludge and 2-5 1.7 

Hotlimasoltening(+212 I!)..... Alkalinechemical sludgeand 2-5 1.1 

Aeration.. ..................... Gaseous. possible air pollulant, 

Filtration. p v i t y .  or pressure.. , , Sludge, suspended solids 2-5 0.1-0.2 

Adsorption. activated carbon lor Exhausted carbon il not re. 2-5 

and settled matter 

settled matter 

settled mallei 

such as hydrogen sulfide 

( lorp l tked bedunits) 

odors, tastes. color. organics generated. Small amounts 
carbon Anss and other solids 
can appear in backwash. 
Carbon regeneration is sepa. 
rate praess (usually thermal) 
in  which air pollution prob. 
lens must be met. 

Manganese zeolite, lor iron Iron oxide suspended solids Similar to other 
removal fillration prodesses 

Mirceltaneour. e.&, precoat. As i n  Other filters. Precat 
membrane. dual media flltra. 
tion fine straining terials. 

waste includes piecoat ma- 

".. .... !.. n0,ww " I l l l Y Y I . .  .............. :'::;::C:? :E? %?$ ;e!%!! 

Elsctrodialysise.. ............... Suspended and 80-95 percent 

of dissolved solids plus chem. 
ical pretreatment il required 

of dissolved solids plus chem- 
ical pretrwtment il required 

suspended solids 
Distillation.. ................... Concentrated dissolved and 

Ion exchange praessesd 
Sodium cation. ............... Dissolved calcium. magnesium 

2-bed demineralization., ...... Dissolved solids from feed plus 

MixedbeddeminmGution .... Dissolved solidsfromlsed plus 

and sodium chlorides 

regenerants 

regeneranti 

into operating cycle. At least a 
portion of prccess slum con- 
laining added chemicals. dis- 
solved and suspended solids 
lrom lead, and possibly con. 
tamination lrom praess can 
be extracted lrom the cycle 101 
d ispon lo~  treatment and 18. 

lntsrnal prmsses., ............ Chemicals are added directly 

cycle. 

1-5 0.1-0.2 
(plus precoat ma- 
terials when used) 

0-2 n !?-I? 

I b50 

10-75 

4-6 

10-14 

0-2.0 

1.5 

1.3 

4-5 

10-14 >5 

0 Rmsm are used alons n in  various combinations. depending upon need. 
* Amounts based on appliotion of praess to raw water shown in  Table V I 4  These values do not n m s n r i l y  aPPb 

when these prmsses are used in  combinationr 
e Fmd must be relatively frm d wspnded matlei. 

Thus us maw variations. Listed here ais a lw 01 tho most imporlanl 

TABLE VI-4-Typical Raw Wofer Analyses and Operating 
Results (mg/l,. unless otherwise indicated) 

Alter After 
Alter chrification. Brif ication, 

After cold lime filtration. filtration. 
Constituent Expressed l b w  water0 Cllrificabon r l ten ing and sodium. and 

as and and cation deminerali. 
filtration filhation sichange zation 

soltening 

Cations- 
Calcium.. ................... 
Magnesium.. ................ 
Sodium.. .................... 
Polaseum ................... 

Total Cations ................... 
Anions" 

Carbonate. .................. 
Hydroxide .................. 
Sultate ................... 
Chloride ..................... 
Nitrate.. .................... 

Total Anions.. ................. 
Iron" ......................... 
Silica". ........................ 
Colorh.. ....................... 
Turbidityb. .................... 
pH"'.. ...................... 

clcot 

Fe 
Si09 
units 

51.5 51.5 38.7 1 .0  
19.5 19.5 17.5 1.0 
18.6 18.6 18.6 81.6 

1.8 1.11 1.8 1.11 
91.4 91.1 lE.6 91.1 

56.8 41.8 0 47.8 
0 0 33.0 0 
0 0 0 0 

21.8 30.8 30.8 30.11 
12.0 12.0 12.0 (2 .0  
0.8 0.8 0.11 0.11 

91.4 91.4 76.6 91.4 
0.16 Ni l  Nil Nil 
9.0 9.0 9.0 9.0 

15.0 2-5 2-5 N i l  
100.0 0.2 b2 Ni l  

6.5-1.5 6.0-8.0 9.0-11.0 5.0-8.0 

0 
0 

1-2 
0 

1-2 

0 
0 

1-2 
0 
0 
0 

1-2 
Nil 

0.01 
Nil 
Nil 

1.0-9.0 

0 Taken lrom Livingstone 1963'; adjusted dightly for ion balance and for expression as CaCOX equivalents 
b Developed by the Panel lo1 illustrative purposes. 

effluent is generally limited to filtration and sodium carion 
exchange. 

This proccss, which can be in  several dif- 
fercnt physical forms, is applied to reduce the concentration 
of carbon dioxidc, thereby reducing the chemicals recl~tirccl 
for cold lime softening. Aeration oxidizes iron and ninnga- 
nese to allow their removal b y  ciarification, linw softcniirg, 
or filtration. No solid wastes flow from an aerator, but re- 
ieased gases such t i s  lijrdi-ogeii sii!fidc czi: prc~e::: 3 ;>K!!>!cE. 

Misce l laneous  There are other spccial variations of 
all the primary treatment methods that can IJC applicd 
under specific circumstances. 

Group B Processes 

This process uses gravity or. pressure units 
in which traces of suspended matter are removcd by  pas- 
sage through a bed of sand, anthracite coal, or other granu- 
lar material. In general, the effluent at the primary stage 
must be filtered prior to further treatment. Some Ivaters 
can be filtered without primary treatment. A filter is clcancd 
by reversing the direction of the water flow (backwashing). 

This is a separation process designed pri- 
marily to remove dissolved organic materials including 
odor, taste, and color-producing compounds. Activa tcd 
carbon is generally used for this purpose. Backwashing of 
fised adsorption units produces small amounts of solids as 
the feed has generally been filtered prior to passage over 
the carbon. Expanded bed adsorption units'do not require 
regular backwashing. Chemical or thermal regeneration of 

Aera t ion  

F i l t r a t i o n  

Adsorp t ion  



374/Section VI-Industrial Water Supplies 

(Items not  enclosed in boxes indicate typical water 
uses for treatment methods  shown.) 
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carbon can remove adsorbed impurities and restore adsorp- 
tive efficiency and capacity. 

Manganese Zeolite This process, specifically used for 
iron removal, is a special combined form of oxidation and 
filtration with a feed of potassium permanganate. 

Miscellaneous Many specialized forms applicable to 
specific conditions are available. These include precoated 
filters, membrane filters, strainers, and dual media filters. 

Group C Processes 

Ultrafiltration Various types of pressure filters in- 
cluding membranes, cartridges, and discs can remove sus- 
pended solids larger than 0.1 to 1.0 micron, depending on 
the application. 

Reverse Osmosis This relatively new development 
uses high pressures to force water through a membrane, pre- 
venting the passage of all suspended matter and up  to 90- 
99 per cent of dissolved solids. The product water can be 
used directly or may require further treatment by ion ex- 
change. The influent must be essentially free of suspended 
solids. 

A relatively new development, this 
process uses cationic and anionic membranes with applied 
direct current to remove dissolved solids. The product water 
can be used directly or may require further treatment by 
ion eschange. The feed must be essentially free of suspended 
matter. 

Distillation This process uses thermal evaporation 
and condensation of water so that the condensate is free of 
suspended solids and 98-99 per cent of the dissolved solids 
are removed. Certain conditions may require the addition 
of special chemicals. The product watcr can be used directly 
or may require further treatment by ion eschange. The feed 
mus: bc re!ati:.e!y free nf sEsn.=ncIt=cI m n t t r r .  ---- 

Ion exchange is a versatile process with 
several dozen variations. Ion exchange technology is rapidly 
advancing. New resins, regeneration techniques, and opera- 
tion modes are being introduced. Some of the more common 
applications are shown in Table VI-3. The exact arrange- 
ment of an ion exchange system depends upon raw water 
quality, desired treated water quality, flow rate, and 
economics. Total demineralization can remove in excess of 
99 per cent of dissolved solids with feeds as high as 2,000 
parts per million (ppm) or more. The  waste produced by 
an ion exchanger includes the backwash and rinse waters, 
the regeneration effluent containing the exchanged ions, and 
the excess regenerative chemical. In general, the feed to any 
ion exchanger should contain no or only small quantities of 
suspended matter, color, and organics. 

Cation exchange removes cations from the 
water and replaces them with other cations from an ion 

Electrodialysis 

Ion Exchange 

Cation 
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exchanger. When in the hydrogen or acid form, strong ca- 
tion (Le., strong acid) can exchange hydrogen ions for the 
cations of either weak or strong acids, whereas weak cation 
(Le., weak acid) exchanges hydrogen only for that fraction 
of cations equivalent to the weakly acidic anions present, 
such as bicarbonate. 

Sodium Cation This is the simplest form of ion ex- 
change. Sodium ions are exchanged for hardness ions (e.g., 
cakium, magnesium). 

Anion exchange removes anions from the water 
and replaces them with other anions from the ion exchanger. 
When in the base form, strong anion exchangers are capable 
of exchanging hydroxyl ions for the anions of either weak or 
strong acids, whereas weak anion exchangers exchange only 
with anions of strong acids. 

In industrial water treatment, de- 
mineralization refers to a sequence of cation exchange in 
which hydrogen ions are substituted for other cations fol- 
lowed by anion exchange in which hydrosyl ions are substi- 
tuted for other anions. The  product is H+ plus OH-: i.e., 
water . 

Mixed Bed Mixed bed exchange provides complete 
demineralization in one step by the use of an intimate mis- 
ture of cation and anion resin in one unit. It is gcnerally 
used for the polishing service step of high pilrity water. A 
cation-anion exchange system might produce a water con- 
taining 1.0 ppm of dissolved solids. After treatment by 
mixed bed, the solids would be down as low as 0.01 ppm. 

Miscellaneous There are several specialty ion ex- 
changers including: dealkalizers-chloride anion exchange 
for the removal of alkalinity; desilicizers--hydroxide anion 
exchange for the removal of silica (without previous hydro- 
gen cation). Degasification equipment is used to remove 
carbon dioxide in order to reduce the work of the strong 
anion units that follow. 

Anion 

Demineralization 

INTERNAL WATER TREATMENT PROCESSES 

Internal water treatment processes are numerous. They 
include the addition of acid and alkali for pH control; 
polyphosphates, phosphonates, or polyelectrolytes for scale 
control ; polymers for dispersal of scdiment ; phosphates and 
alkali for precipitation of hardness ; amines, chromates, 
zinc, or silicates for corrosion control ; sulfites or hydrazine 
for oxygen scavenging; and polyphosphates for sequestra- 
tion of iron or manganese. Here again, the chemical feed is 
determined by the requirements. The  industrial user pro- 
duces the water quality that is needed, but a problem can 
be created when the user must dispose of all or part of the 
treated water. The  choice of chemicals added to water must 
be considered in light of their potential as pollutants. 



STEAM 6ENERAOION AND COOLIN6 

Description of the Industry 

Steam generation and cooling are required in most in- 
dustries. Waters used for these purposes are in Standard 

of 23 and 27), plus the electric utility industry and mining 
(U. S. Executive Office of the President, Bureau of the Bud- 
get 1967).22 (Water used as makeup for generation of steam 
that comes into direct contact with a product and cooling 
water that comes into direct contact with a product were 
considered to be process waters and, therefore, were not 
included in this Section.) 

Both steam generation and cooling are encountered under 
a wide variety of conditions that require a correspondingly 
broad range of water quality recommendations. For ex- 
ample, steam may be generated in boilers that operate a t  
pressures ranging from less than 10 pounds per square inch 
gauge (psig) for space heating to more than 3,500 psig for 
electric power generation. For any particular operating 
pressure, the required boiler water quality recommenda- 
tions depend upon many factors in addition to the water 
temperature in the steam generator. Thus, the amount of 
potentially scale-forming hardness present in the makeup 
water to a low pressure boiler i s  of far less importance when 
the steam is used for space heating than when it is used for 
humidification of air. In the first case, virtually all of the 
steam is returned to the boiler as condensate so that there 
is only limited change in the amount of potential scale. In 
the second case, no condensate returns to the boiler so that 
scale-forming salts entering with the makeup water are con- 
centrated. 

The  general recommendations for water to be used for 
boiler feed water could not be applied directly to an indi- 

ing practices, operating temperatures and pressures, makeup 
rates, and steam uses. All of these affect the nature of 
water-caused problems that might be anticipated in a boiler 
and its auxiliaries. These statements apply equally to water 
a t  source and a t  point of use. 

Most high pressure boiler plants (Table VI-5) use some 

Industry C!a.sifcaticns 20 thrczgh 30 (*:tith thc excep:io:: 

VirJIll! hci!..r *:.lith,,t c,fi.ici,..rzticn -f b-i!cr desig::, ope:=:- 

form of ion exchange in treatment of water for boiler feed. 
A few components of raw waters can cause abnormal dif- 
ficulties and expense in these treatment plants. Large 
organic molecules may block the exchange groups of the 
ion exchange resins and cannot be removed by normal 
,cg.-..b.u,.".r p & U L b " U L L J .  w r r y  IIALIIIc.1, cJpLLl"1ly  UI pc11u1- 

cum origin, will irreversibly coat ion exchange materials 
and filter media. Certain forms of silica may also block ion 
exchange resins irreversibly. Strong oxidants in polluted 
water have been known to destroy ion exchange resins in a 
surprisingly short time. Although most of these problems 
can be solved by available pretreatment methods, the cquip- 
ment needed for such treatment may require more space 
than is available. This is especially true in industrial plants 
located in cities. 

Cooling water uses are similarly diverse. They may be 
once-through or recirculated. Once-through cooling waters 
are drawn from amply large sources such as rivers, lakes, 
estuaries, or the sea. They are returned to these sources or 
to other large bodies of water after having passed through 
heat exchange equipment just once. The  quantities of water 
required for once-through cooling arc so huge that i t  is 
rarely economically feasible to alter their quality by treat- 
ment. Therefore, when a plant uses water for cooling on a 
once-through basis, the construction materials for the cool- 
ing system must be selected to withstand corrosion by the 
water available at the site. In such cases, the quality, as well 
as quantity, of available water may affect plant site selec- 
tion. 

The treatments commonly applied to once-through cool- 
ing waters are (a) screening for removal of debris, plants, 
or fish that can interfere with water flow, and (b) chlorina- 
tion for control of biological organisms that interfere with 
water flow or heat transfer and contribute to localized cor- 

known to cause catastrophic failures in once-through cool- 
ing equipment. Damaging substances include hydrogen 
sulfide, oil, and suspended solids. Particularly pernicious 
are plastic containers usually originating from garbage dis- 
posal operations, or sheets of flexible plastic that can pass 
through a pump and then spread across a tube sheet in- 

____..-_-. :-- _--..-A n:~.. : - I I . .  - r  1 
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TABLE VI-5-Quality Requirements of Water at Point of Use for Steam Generation and Cooling in Heat Exchangers 

(Unless othnrisa indicated, units are mg/l and values that normalb should not be srceeded. No om watu wil l  brs a11 the n u n m u m  n l u a  shown) 

Boiler fecdwater Ccdin; watu 

OwGg ol w t e r  prior to the addition 01 chsmiulr used for internal conditioning 

Characteristic Industrial Elctric utilities Onm through Makeup for recirculation 

Low prenurs Intermediate Hi;h pressurn 1,500 to 5,oM) psip F r a h  BmkirC Fresh Brackirh~ 
0 to I50 p i g  prsssure 7W I o  1.W psig 

150 to 7 M  p i g  

Silica (Sios.  ............................................ 
Aluminum (AI)., ......................................... 
Iron (re). ............................................... 
Manpaness (Mn) ........................... 

Ammonia ("4). .......... ................... 

Sulfate (SO,). ........................................... 
Chloride (CD.. .......................................... 
Oirrolved solids .......................................... 
Copper (Cu). ............................................ 
Zinc (Zn).. .............................................. 
Hardness ( c a C 0 ~ ) .  ...................................... 
Alkalinity (C~COJ). ....................................... 
pH, unils ................................................ 
Orpnlcs: 

Methylene blue active substances ........................ 
Carbon letrachlorids extract ............................. 

Chsmiul oxygcn demand (COO) ........................... 
Hydropen sulfide (H&) ................................... 
Dissolved oxygsn (01). ................................... 
Temperature. F.. ........................................ 
Suspended solids. ........................................ 

to  
0.1 
0.3 
0.1 
0.4 
0.25 
0.1 

(6) 
( b )  

0.05 
0.01 
1.0 

100 
8.2-10.0 

120 

500 

1 
1 
5 
(b )  
0.001 
(6) 

5 

0.7 
0.01 
0.05 
0.01 
0.01 
0.01 
0.1 

4a 
(b )  
( h )  

0.05 
0.01 
0.01 
40 
8.2-9.0 

0.5 
0.5 
1.0 
(6)  

0.007 
(b )  

0.5 

200 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
.07 
0.5 
(4 

( b .  d )  
0.5 
0.01 
0.01 
0.07 
1 

8.6-9.4 

0.1 
( b o  0 
1.0 
( h )  

0.001 
( b )  

0.05 

a Brackish water-dissolved solids more than 1.000 mg/l by definition 1963 Census 01 Manutacturers. 
b Accepted as recsived (it meeting other limiting values): hrs never been a problem at concentrations encountered. 
e Zero, not detectable by lesL 
d Controlled by treatment for other constituents. 

No floating o i l  
ASTM 19701 or Standard Melhods 1971~c 

~tnnt~neous ly  shutting off a substantial part of the cooling 
water flow. 

Trcatmcnt of once-through cooling waters drawn from 
underground aquifers is further limited if the water is con- 
served by return to an aquifer through recharge wells. In 
such cases treatment must not create changes that can cause 
clogging of the return aquifer. 

When cooling ponds are used for heat rejection, the eco- 
nomics of water treatment are similar to those encountered 
with once-through cooling waters. On the other hand, most 
recirculating cooling water systems utilize cooling towers, 
and in these the water withdrawn from surface, ground, or 
municipal sources is small in comparison with the rate of 
circulation through the heat transfer equipment. Under 
these conditions, water treatment is economically feasible. 
Indeed, it becomes a necessity because of the changes in 
water composition produced by evaporation, air scrubbing, 
and other processes occuring during recirculation. 

As in the case of steam generation, there is such a great 
variety of materials and operating conditions encountered 
in industrial heat exchange equipment, such a wide range 
of chemical and physical changes that can take place in the 

recirculated cooling water, and such a variety of water 
treatment and conditioning methods, that quaiity recom- 
mendations for makeup water for recirculating cooling 
systems can have only very limited practical significance. 
The needs of any specific system must be established on the 
basis of the makeup water composition and the construction 
and operating characteristics of each system. In general, the 
lower the hardness and alkalinity of the water supply, the 
more acceptable it is for cooling tower makeup. 

Processes Utilizing Woter 

Steam Generation In  1968, manufacturing plants 
used about 1,036 billion gallons of water for boiler feed 
(makeup), sanitary service, and uses other than process or 
cooling (Bureau of the Census 1971).6 No basis is given for a 
breakdown of this figure into its components, but boiler 
feed is the largest part. 

Boiler makeup requirements of steam electric powerplants 
are small compared with their cooling water requirements. 
They are estimated to be only about 0.3 million gallons per 
day for a 1 million kilowatt plant operating at  full load 
(Water Resources Council 1968).*' 

' 
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Based on the 1970 figures of 281 million kilowatts capacity 
of steam electric plants, a maximum of about 31 billion 
gallons of water was the total intake for steam generation in 
these plants (Edison Electric Institute personal communication 
1970).25 It is estimated that this quantity approximates the 
“sanitary service and other uses” in the industrial require- 
ments, so that of the 1,036 billion gallons for combined 
“boiler feed and sanitary services” (Bureau of the Census 
1971)5 the intake for steam generation alone in 1968 is as- 
sumed to have been approximately 1,000 billion gallons. 

Recycling condensed steam back to the boiler will vary 
from zero for some industrial uses and district steam generat- 
ing plants to almost 100 per cent for thermal power genera- 
tion plants. 

Boiler makeup will vary from negligible losses and blow- 
down in the thermal power plants to substantially the total 
water intake in district steam generating plants with no re- 
turn of steam condensate. Even for these district steam gen- 
erating plants, the condensate usually goes to a sewer from 
wiiicii it uitirnateiy returns to a surface water course ana SO 

cannot be said to have been consumed. It is estimated that 
10 per cent of the intake water used for boiler feed in in- 
dustrial plants is either lost to the atmosphere or incor- 
porated in products. Thus, the total water consumption for 
steam generation is about 100 bgy. 

Discharge is boiler blowdown and steam condensate that 
is lost to sewers. This corresponds to the difference between 
intake and consumption or 900 bgy (Bureau of the Census 
1971).5 

Once-through cooling water use clur- 

tion was at the rate of approximately 3,000 bgy for steam 
electric power generation, and 7,000 bgy for other uses 
(Bureau of the Census 1971).5 It is estimated that water 
recirculation for cooling in these plants was at least 20,000 

Total cooling water drawn from source by commercial 
steam electric power plants approximated 58,200 bg in 
1970, including the Tennessee Valley Authority and a 
number of other publicly owned steam electric plants 
(Federal Power Commission 1971).6 Recirculating cooling 
systems in these plants are estimated to provide 10 to 15 
per cent of the total cooling requirements for this industry, 
which represents a small proportion of the total water in- 
take. The  use of recirculating cooling water systems is ex- 
pected to increase rapidly as cooling water volume require- 
ments increase and as restrictions become more stringent on 
maximum discharge temperatures. 

inchding sea water, approximately one-third of the 
water used for once-through cooling was brackish. Some 
plants recirculate brackish water, but because of the limited 
number of such operations, water quantities have not been 
established for this type of cooling. 

Recirculating cooling water systems require a much 
smaller withdrawal for makeup than the amount withdrawn 

Cooling Waters 
ino lqfif? i~ indgstrq: ether th io  c ~ x m e r c i z ~ !  p=-.*.yr genera- ---a - - -  

bgy. 

TABLE VZ-bTotol Woter Quontities Used For 
Once-Through Cooling 

urn WaW qwnlitia (bo) 

Industrial rtoam-elechir pnnfaton ............................ 1. Mo 
olhol..... ................................................. 7. can 
Commmirl paru ........................................... 9.000 

TOTAL 58.OoO 
- 

............................................... 

for once-through cooling systems of equivalent heat re- 
moval capacity. Although the rate of recirculation is fre- 
quently only two or three times as high as the once-through 
flow rate for equivalent cooling, the withdrawal rate for 
once-through cooling may be 20 to 80  times as high as that 
required for makeup to a cooling tower system of equivalent 
cooling capacity. The actual reduction in volume of water 
drawn from source by recirculation depends upon the tem- 
perature difference across the cooling tower and the chemical 
composition of the recirculating water. No data are avail- 
able to provide actual totals of water withdrawn from 
sources for cooling tower makeup or returned as cooling 
tower blowdown. 

An increasing number of plants use municipal sewage 
treatment plant effluent or industrial waste treatment plant 
effluent as makeup water for recirculation through cooling 
towers. This, in effect, is a double recirculation of available 
water supplies or, from another viewpoint, an elimination 
of most water withdrawal from natural sources. The use of 
such treatment plant effluent as cooling tower makeup 

of organic matter, particularly dctergents, nitrogen com- 
pounds, and phosphates, in the treatment plant can create 
severe operating difliculties in cooling towers as a result of 
foaming, excessive microbiological growths, or calcium 
phosphate deposits. 

Significant Indicators of Water Quality 

Table V I - 2  shows the quality characteristics of waters 
that have been treated by existing processes to produce 
waters acceptable for boiler makeup and cooling. In general 
terms, the water fed to a steam boiler should be of such qual- 
ity that it:  

XES: be ~ p p r ~ ~ ~ h ~ d  ii-ith cautioii siiice iiiailequaie r-erriovai 

0 forms no scale or other deposits; 
0 causes no corrosion of the metals present in the boiler, 

0 does not foam or prime; 
feedwater system, or condensate return system ; 

0 .Ices I?C? cc“t2’in eoc:,-h .i!ica :e k r =  krb ine  b!xk 
deposits in high-pressure boilers. 

In order to produce waters meeting these requirements, 
the waters from available supplies are first processed 
through external water treatment equipment, such as 
filters or ion exchangers, and then internal conditioning 
chemicals are added. Table VI-5 shows quality require- 
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ments for boiler feed waters that have already been pro- 
cessed through a required external water treatment equip- 
ment, but have not yet received any required application of 
internal conditioning chemicals. 

The  values for boiler feed water quality requirements 
must be considered only as rough guides. Usually, more 
liberal maximum concentrations are acceptable in feed 
water for boilers operating at lower pressures within each 
range. However, even here there are many deviations in 
practice because of differences in the construction and opera- 
tion of different boilers. For example, all other things being 
equal, the higher the makeup rate, the higher the quality of 
the makeup water should be. 

Ideally, cooling waters should be: 

0 nonscaling with reference to such limited solubility 
compounds as calcium carbonate, sulfate, and phos- 
phate; 

0 nonfouling as a result of formation of sedimentary 
deposits or of biological growths; 

0 noncorrosive at operating flow rates and skin tem- 
peratures to materials of construction in the system, 
including metals, wood, concrete, asbestos-cement, 
and plastics. 

Table VI-5 shows quality requirements for cooling waters 
both once-through and makeup for recirculation, subse- 
quent to any required external treatment (other than so- 
called side stream filters or centrifugal separators for re- 
moval of suspended matter from recirculating cooling 
waters) but prior to the addition of any internal treatment 
chemicals. 

For both steam generation and cooling, the more nearly 
the composition of water at the source (Table 171-2) ap- 
proaches the quality required at point of use (Table V1-5), 
the more desirable it is. However, in some instances i t  may 
be preferable to resort to a lower-quality, lower-cost raw 
water, if economic treatment can be expected to yield a 
lower overall cost. 

Water Treatment Processes . 

The water treatment processes marked by an X in Table 
VI-7 are used in producing water of the appropriate quality 
for either cooling or boiler makeup. In addition to external 
treatment proccsses outlined in Figure VI-1, commonly 
used internal conditioning processes are also included in 
Table VI-7. Not all of these processes are used for the 
treatment of any individual intake water. Only those pro- 
cesses to produce the quality required are used. 

The  fact that external water treatment processes may be a 
source of potential waste water problems has been mcn- 
tioned. The  blowdown from evaporative systems, both boiler 
waters and recirculated cooling water, can become one of 
these potential problems. This can be caused by increased 
concentration of dissolved solids from the evaporative pro- 
cess, by increased suspended solids scrubbed from the air or 
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TABLE VI-7-Processes Used in Treating Water for Cooling or 
Boiler Makeup 

W n i  

Suspended w6dr and Colkids removal: 
Sbimn;. .............................. X X 
Wimenbtion. .  ......................... X X 

X Cmplat ion. ,  ............................................. 
Filbltion.. ............................................... X 

Cation exchan;e Sodium .................................... X 

Cation aslun;e hydrqcn and sodium.. ..................... 

Ukalinig Reduction W o n  cxchan;e 
X 
X 

hydrqen. .  ............................................... 

Lnion cuhan;~.. ........................................................... 

Errporation.. ......................................................... 
Oemincralintion .......................................... X 

Deiisil iution 

Dissolved solids removal: 

Diuolred faor removal: 

mechanical ............................................. 

pH adjustment.. ........................ X X 
Hardncrs scquerlcrini. X X 
Htrdnars prdpibt ion.  ...................................................... 
Corrosion inhibition General.. .............................. 
Embrilllemenl ............................................. ... 
Oxygen reduction . . .  

.................. 

........................................... 
Sludpe d i s p r  sal... ........................ X X 
Biolopiul conlrol .......................... X X 

X 
X 
X 

X 
X 

X 
X 
X 

developed by growth of biological organisms, or by chemi- 
cals added to the recirculated water for control of scale, cor- 
rosion, or biological growths. 

TEXT!LE M!LL PaoaUcTS (SIC 22) 

Description of the Industry 

In the 7967 Census of Manufacturers (Bureau of the Census 
1971),5 the textile industry was reported to employ 929,000 
individuals in 7,080 plants, adding over $8 billion of value 
annually through manufacturing. The  Statistical Absfract of 
the United States: 7969 (U. S .  Department of Commerce, 
Bureau of the Census 1969)18 reported that the industry 
invested over $1 billion in new facilities during that year. 

Cotton is the most important fiber in American textiles 
and represents about one-half of the total fiber used. Wool 
and rayon approximate 10-15 per cent of the consumption, 
and uses of noncellulosic synthetic fibers are increasing 
rapidly. 

The basic processes involved in finishing textiles include 
scouring, dyeing and printing, bleaching, and special finish- 
ing (U. S. Department of The  Interior Federal Water Pol- 
lution Control Administration 1968).*l Wool is usually 
scoured before being woven into cloth. Cotton is woven in 
the dry state except for stiffening of the warp, known as 

I 
I 



sizing. Subsequently, the cloth is scoured to remove size and 
natural impurities before bleaching and dyeing. Synthetic 
fibers do not require scouring, but cloth made from blends 
of synthetics and natural fibers may be scoured before 
finishing. 

Water of proper quantity and quality is essential to the 
textile industry. Most of the early mills in the United States 
were located in New England, where rivers were capable of 
providing water for power and ample high quality process 
water with only minimum treatment. In recent years the 
trend has been for textile plants to move to the Southeast 
and locate closer to the raw material (cotton). Need for 
water as a source of energy has diminished because of the 
ability to operate with various fuels and electricity. Raw 
water quality has become less important, because develop- 
ments in treatment technology have made it economically 
possible to produce water of adequate quality with the esist- 
ing wide range of raw water characteristics. This combina- 
tion of circumstances makes raw water supply and quality 
lecc vi!.! rlc-lcrm*i!?i!?g p!zr.t !cr.!icn !cdz*f I ?  - * - * - - -  -l+hn--=h 3" 

emphasis on treatment to correct deficiencies in raw water 
quality continues. 

Processes Utilizing Water 

Total 1967 water intake for testile industries using over 
20 million gallons annually (684 plants) was 154 billion 
gallons, 71 per cent of which was used as process water. Of 
all water intake by the industry, 51 per cent is derived from 
company-developed surface supplies, I O  per cent from 
ground ivater, 1 per cent brackish, and 38 per cent from pub- 
lic supplies. Gross water use by testilc plants totalled 328 bg, 
174 bg of which was reused i n  353 of the 684 facilities 
(Bureau of the Census 1971).5 Trends in new testile tech- 
nology are toward increased reuse of water. 

Cotton and wool finishing plants use 30,000 to 70,000 gal- 
lons per 1,000 pounds of cloth. Synthetic finishing mills use 
considerably less (3,000-29,000 gal; 1,000 Ib), because lack 
of natural impurities reduces washing requirements. 

\\:ool usually is scoured by moving it through n tivo- to 
sis-bowl "train," the first one or ttvo of \diich contain de- 
tergents or soaps, and alkalis at 30-50 C. Subsequent bo\vls 
are for rinsing and often may be operated in counterflow 
pattern to conserve water. Usually scouring solutions are not 
recycled, although effluent rinse waters may be used to make 
up scouring baths. 

Cotton scouring removes natural impurities, as well as 
sizes added during conversion of fibers into cloth. Scouring 
operations in series of tanks ("J" boxes) are carried out 

of 80-120 C and must be followed by thorough rinsing to 
remove residual color and other chemicals. Mercerizing 
cotton has involved a major use of water in many mills, but 
mercerizing is decreasing with increased adoption of cotton 
and synthetic blends. 

Bleaching cotton is done generally with chlorine, while 

u..dcr !?ig!?!y ?!k?!ir?P ccndi~is?.. \ r - -  ! 2) 2x! tempPr2tur,-5 

hydrogen peroxide is used for wool and blends containing 
synthetic fibers. Chlorine is used under slightly alkaline 
solution (pH 9) and hydrogen peroside under acid condi- 
tions (pH 2.5-3.0). Rinsing of bleached fiber or cloth re- 
quires high quality water. 

Dyeing also requires high quality water. Specific require- 
ments and process conditions vary widely depending on 
types of fibers and characteristics of dyes employed. Cotton 
generally is dyed at  moderately high pH, wool at  slightly 
acidic pH, and synthetics undcr various conditions depend- 
ent upon character of fiber. Dyeing operations constitute 
major uses of water i n  the testile industry. 

Significant Indicators of Water Quality 

The testile industry cmploys a great variety of raw ma- 
terials, chcmical additives, and manufacturing processes to 
meet a broad range of finished product specifications. Ac- 
cordingly, water quality requirements in this industry vary 
L . . L L L # a i b  - . .+, . . . . - . . . , .I . .  c', , A-..,.-A:.-- u c v L l a u a L n 5  ~ i i  circtizs:ziic<s ztt~itdiiig GCS, 

and no single listing of rccommcndations could be meaning- 
ful for the industry as a whole. 

T o  be desirable for use in the tcstile industry, water 
should be low i n  iron, manganese, and other heavy metals, 
dissolved solids, turbidity, color, and hardness; i t  should be 
free from undesirable biological forms (Nordell 1961 , I 3  

h4cKee and \Volf 1963)9. Although raw water supplies of 
rather undesirable quality have been employed succcssfully 
by testile industries (see Table VI-2) with appropriate 
treatment to correct deficicncies, i t  is apparent that the 
more closely raiv water quality approaches requircmcnts at  
the point of use (Tablc V1-8), the more desirable that 
source would be. 

Turbidity and color are oljectionable in water used in 
testile industries, because they can cause streaking and stain- 
ing. Iron and manganese stain or cause other process clif- 
ficulties at  low concentrations. Hardness is objectionablc in 
many operations, especially in scouring where soap curds 
may be produced, and in processes where deposits of pre- 
cipitated calcium and magnesium may adhere to the ma- 
terial. In wool processing, all scouring, rinsing, and dyeing 
operations may require zero hardness water. Zeolite-softened 
or deionized \vater may be used for manufacturing syn- 
thetic fibers (Nordell 1961).13 Nitrates and nitrites have 
been reported as injurious in dyeing of wool and silk 
(hfichel 1942)."J 

In Table VI-8 typical ranges of desirable maximum con- 
centrations of constituents that have been suggested for 

1957,12 Nordell 1961,13 h k K e e  and \.Volf 1963,9 Ontario 
Water Resohrces Commission 1970L4). The values relate to 
water quality at  point of use before addition of internal 
conditioning or manufacturing process chemicals. Although 
data in Table VI-8 may give general guidelines to water 
quality requirements in this industry, each plant must be 

... ̂ .^_" ..-- 2 :- ...-.. :1- ----I..-&:-- ..---- :--J / x x . - -  --.- 
V V O L C I J  UJCU 111 ~ L A L ~ A C  ~ L U U U C L L U L A  a t ~  a u & x ~ n n m i i ~ ~ u  \LVIUDDCY 



Major Industrial Uses of lVater/38 1 

T 

TABLE VI-8 -QwW Requirements oj  Wafer at  Point of 
Use by the Textile Industrya 

quality for potable purposes d o  not meet requirements for 
some types of textile processing. Also, methods of treatment 
employed in some public .;ystems may have adverse effects 
on water quality for use in the textile industry. chlracteistir Typical madmum r a n g e  

........................... 

........................... 

........................... 

........................... 
Suspended nuner. mgll. ........................... 
Hardnsrs. m i l l  as WCO ........................... 

................. 
........................... 

................... 
.................................... 
.................................... 

Aluminum orida, mg/l 11203  ................................... 

Orpnir  aowthr .............................................. 

a Water qualily priar I o  addition 01 subslanwiured for inlerrul conditioning. 

o.w.1 
O.Ol4.M 
0.01-5 
lWZ4 
b5 
byI 
b5 

0.l-5 

100 

8 
25 

tbsenl 

im 

s m o  

considered in light of the manufacturing processes and other 
circumstances specific to that installation. 

Water Treatment Processes 

Some ground supplies are capable of furnishing large 
quantities of water having quality consistent with industry 
requirements. However, in many instances other factors de- 
sirable in plant location can make it necessary to use a raw 
water supply of quality not meeting process requirements. 
In particular, most surface sources are not capable of sup- 
plying water suitable for textile industry uses without treat- 
ment. 

The 1967 Census of Adanilfacturers (Bureau of the Census 
1971)5indicated that of 154 bgwater intake (for plants using 
over 20 million gallons annually), 89 bg were treated in 
some fashion. Table 171-9 summarizes the total quantity of 
water and water treatment method employed by each 
process for 1971 and the number of establishments employ- 
ing them. 

Another approach employed by many textile industries 
is to obtain potable water through purchase from public 
supplies. Although this often provides a satisfactory ar- 
rangement, it must be noted that some waters adequate in 

TABLE VI+-Woter Treotment Processes Employed by 
Textile Industrial Estublishments in 1971 

T i p  ol poccss b n  treated Number 01 sslrblirhmentr 

Aeration ......................... 
Cmgubtion.. .......... 
fillration.. .......... 

.......................... 

Olhcr ............................................. 

2 
52 
m 
33 
9 
30 
48 
33 
1 

16 
116 
1M 
209 
21 
121 
132 
64 
45 

The 7967 Census of Manufacturers reported discharge of 
136 bg by the textile industry, leaving 18 bg (12 per 
cent) evaporation or incorporation into products (Bureau of 
the Census 1971).5 Of the 136 bg discharged, 54 bg re- 
ceived some degree of treatment prior to discharge. 

LUMBER AND WOOD PRODUCTS (SIC 24) 

Description of the Industry and Processes Utilizing Water 

The total amount of lumber used for various purposes in 
the United States has not changed significantly in the past 
three decades (Landsberg et al. 1963).' There have, how- 
ever, been some important shifts in the end products manu- 
factured by the industry. The use of pulpwood for veneer 
logs has shown steady increases. Lumber for use in wooden 
containers has been declining, as has wood used for fuel, 
although fuel wood still accounts for almost 15 per cent of 
lumber use. 

In recent years, about 40 per cent of wood consumption 
has been for building purposes and 20 per cent for the manu- 
facture of a variety of wooden and paperboard containers, 
furniture, and other wood products. Paper products, other 
than containers, account for about 12 per cent of lumber 
consumption. The remaining 13 per cent is used in a variety 
of wood-related products such as charcoal, synthetic fibers, 
and distillation products. 

The  wood and lumber products industry is a relatively 
small water user. Of the 36,795 establishments surveyed in 
the 1967 Census of Adanilfacturers (Bureau of the Census 
1971),5 only 0.5 per cent or a total of 188 reported the use 
of 20 million gallons of water or more in 1968. Total water 
withdrawn by plants using 20 million gallons or more per 
year showed a decrease from 151 billion gallons in 1964 to 
118 billion gallons in 1968. Less than 10 per cent of the 
water withdrawn by these larger water using plants is given 
any form of treatment prior to use. 

In general, the lumber industry collects logs from the 
forest and prepares them for use by sawing the logs into 
various shapes. Earlier in this country's history, logs were 
cut i n  the winter when the snow was on the ground to 
facilitate their transfer by dragging them overland to rivers. 
The rivers transported the logs to millsites. The  logs were 
frequently left in the water, if they could be fenced off or 
driven into a backwater to prevent them from going further 
downstream. While the log was floating, the water prevented 
it from drying and cracking at  the cut end. 

Today, lumber may be transported to a mill that may 
not be near a river. If the logs accumulate, the ends are " ................................................. moistened by floating them in a pond or by spraying the log 
pile to prevent cracking. The log is frequently debarked by 

Tobl smvloiing trolmcnl., 408 
Yo treatment pr(smed.. ................................................... 216 

Bureau al the Census 191V water jets before it is cut into the desired shape. 
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TABLE VI-10-Quality Characteristics of Waters That Have 
Been Used by the Lumber Industry 

Characteristic Valuo 

Snspndod Solids ...................................................... 
pH, umlr ............................................................. 5 1 0 9  

3 mm. diametu 

Some lumber is treated with chemicals to reduce fire 
hazards, retard insect invasion, or prevent dry rot. These 
preservative processes use small volumes of water in a 
preparation of chromates, cupric ions, aluminum ions, 
silicates, fluorides, arsenates, and pentachlorophenates. 
Some forest products are processed mechanically or chem- 
ically to make a variety of consumer products. 

Significant Indicators of Water Quality 

There  arc fcw zisnifican! I ~ r l i c a t c r s  of - . v B ! P ~  qur!i!y Ccr 
the lumber industry. The  suspended solids should be less 
than 3 millimeters in diameter and the pH should prefer- 
ably be between 5.0 and 9.0 to minimize corrosion of the 
equipment (Table VI-IO). (Water used for transportation 
does not qualify as process water.) 

Water used to prepare solutions for treatment of lumber 
should be reasonably free of turbidity and precipitating 
ions. Frequently, because of the highly toxic nature of these 
solutions, efforts are made to recycle as much solution as 
possible. Thus, makeup water is required to compensate for 
the portion of the solution lost when forced into the lumber 
under pressure, and thus evaporated during seasoning. 

Water Vreatment Processes 

For the lumber production phase only, straining may be 
required. Clarification may be practiced for water used in 
lumber preservation, but this would be necessary in only 
very small volume. 

PAPER AND ALLIED PRODUCVS (SIC 26) 

Description of the Industry 

The United States is the world's largest producer and 
user of paper and allied products. The  industry's net sales 
in 1970 were over 521 billion with over 52 million ions of 
product produced (American Paper Institute 1970).' The  
per capita consumption of paper products in 1969 was 
roughly 560 pounds per person, an increase of more than 
l vv  pUurlu> ~ C I -  pcrsun in rhe pasr decade. i t  is anticipated 
that close to 62 million tons of paper and paperboard will 
be produced in the United States in 1980, as compared with 
44 million tons in 1965 (Miller Freeman Publications un- 
dated)." 

The  pulp and paper industries described encompass a 
number of basic manufacturing processes involved in the 

3 nn . -1- 

TABLE VI-11-Basic Categories of the Pulp and Paper 
Industry 

Typo 01 plant WIbM 01 pbrh in 
Unitod Slator 1969 

Rper and paperhoard ................................................... 491 
pulp mills. .................................................... ID 
Intqralsd pulp and pap mills ............... no 
Rooflng papm miUr. ....................... n 
Converting plants (units wnod lq pulp and pa iai 
Headquarfers. omws.mwrth and onginenring labs (sepanto lrom mills) ..... I52 

Totals. ...................................... 1.115 
- 

production of a wide variety of paperboard and paper 
products. These include packaging, building materials, and 
paper products ranging from newsprint to coated and un- 
coated writing papers, tissues, and a number of other special 
types of paper and paperboard for domestic and industrial 
purposes. Table VI-I1 shows the basic categories of the 
l l l U U J L .  y .  : -A .." .___ 

Processes Utilizing Water 

The manufacture of pulp and paper is highly dependent 
upon an abundant supply of water. The major process 
water uses are for preparation of cooking and bleaching 
chemicals, washing, transportation of the pulp fibers to the 
next processing step, and formation of the pulp into the dry 
product. 

The industries involved in the manufacture of paper and 
allied products rank third in the withdrawal of water for 

and chemical and allied products). Of the 5,890 plants 
surveyed by the 7967 Census of A4anufacfuicis (Bureau of the 
Census 1971),5 619 plants reported withdrawing 20 million 
gallons of water or more in 1968. Table VI-I2 shows the 
amount of water withdrawn in 1964 and 1968 for those 
plants using more than 20 million gallons per year. More 
than half of the water withdrawn in 1968 was treated prior 
to use and recirculated about three times before discharge. 
Less than 10 per cent of the water withdrawn was consumed 
in the manufacturing processes. 

rr.anuf2c:uring purposes (Schi:,:! primary mcta! industries 

TABLE VI-12-Total Water Intake and Use-Paper and Allied 
Products (billion gallons) 

Water inlako 1 9 9  1964 

2. tu 2,064 Total.. ....................................... 
1.111 981 I reatea pnor IO use... ............................... 

6ron water Usd (Includes redrmhled WIM) 6.522 5.491 .......... 

Walu discharged 19611 1964 

2,018 1,942 Tobl.. ....................................... 

Bureau of Census 1911' 
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TABLE VI-13-Woter Process Used b y  Paper ond Allied 
Products Manufocturing 

made by each process. Presenting the information in this 
fashion makes it possible to estimate water requirements for 
any individual mill based on the manufacturing processes 
employed and the tons of product produced. Manulduring pocess Typical mta UP i n  1,Mo pl!ons/ton produdn 

Wood Preparation 
Hydraulic lurking. .................................. 
Drum lurking ...................................... 
Wood washing.. .................................... 

Stone froundwood., ................................. 
Refiner groundwood.. ................................ 
Cold soda pulp.. .................................... 

No recovery ......................................... 

Kralt and Soda Pulping ................................ 
Prehydrolysis ........................................ 
Knll Bleaching 

Semibleach.. ....................................... 
H i  ghbleac h ........................................ 
Dissolving grades (solt wood). ........................ 
Dissolving grades (hard wood), ...................... 

No recovery.. ..................................... 
MgO recovery.. ..................................... 
NH3 recovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Paper grade.. ...................................... 
Dissolving grade.. ................................... 

Groundwood Pulp 

Neutral Sulfite Semichemiul 

Wlth CKOVCr). ...................................... 

Acid Sulfite Pulping 

Sulfite Pulp Bleaching 

D e h k i n g  Pulp 
Magazine h ledger.. ................................. 
News ........................................... 

Coarse paper ........................................ 
Fine paper.. ........................................ 
Book paper.. ....................................... 
Tissue paper.. ...................................... 

Specialties') 
Waste Paperboard .................................... 
Building Products 

Building papers.. .................................. 
Felts ............................................. 
lnsulaling board ................................ 
Hardboard.. ...................................... 
Erp!oded, ......................................... 

Paper Making 

3 Significant Indicators of Water Quality 
0.3 
0.2 

5 
5 
3 

15 
I O  
25 

2 

25 
25 
M 
50 

10 
9 
8 

20 
45 

28 
28 

IO 
30 
I O  
30 

10 

I O  
3 

15 
13 
1 

a Fiiures shown represent averages over NO-week period with 90 pCrCenl IrepUenCY. 
b Varies widely depending upon producl. 
Environmenlal Protection Agency, unpublished data?.' 

Approximately 70 per cent of the water used in the in- 
dustry was withdrawn from surface supplies. Other water 
sources wcre ground water supplies (about 17 per cent) and 
public water supplies (about I 1  per cent). Tidewater ac- 
counted for the remainder of the water used. Water with- 
drawn for process purposes constituted the largest percent- 
age of water used by the industry (about 65 per cent) while 
the other major water uses were for cooling purposes. 

While the industry has been aptly categorized in general 
terms by SIC code numbers, a typical plant falling under an 
SIC code may be engaged in a variety of individual manu- 
facturing processes. For this reason, a clearer picture may 
be obtained by describing water use in terms of manufactur- 
ing processes rather than by S IC  subcategories. Table VI-13 
classifies the processes used in producing pulp and paper 
products manufactured in the United States. 

These processes have been categorized based on the 
logical sequence in production along with the use of water 

A survey by the Technical Association of the Pulp and 
Paper Industry (TAPPI Water Supply and Treatment 
Committee unpiibfished dafa 1970,*' Walter 1971)*3 of water 
quality requirements for the paper industry revealed a total 
of 23 specific water quality problems resulting from im- 
purities in the raw water source. The  primary causes of the 
problems centered on hardness, alkalinity, turbidity, color, 
and iron. In addition, manganese along with iron and color 
was reported as having an adverse effect on bleaching pro- 
cesses; manganese also produced black spots on paper. In 
some cases, algae and bacteria interfered with the paper 
machine operations by causing slime. In addition to causing 
scale i n  the mill water supply, high hardness interferes \vith 
washing operations and causes fouling in resin sizing and 
digestinq processes. Suspended matter and turbidity inter- 
fere with the brightness of the product and cause difficulties 
by clogging wires and felts in the paper machines. Highly 
colored lvaters have an adverse effect on paper brightness 
and are particularly undesirable for white and dyed papers 
as \cell as pulps. Control of pH of the water supply at the 
mill is important to avoid corrosion of the equipmcnt and 
for effective use of fillers, sizes, and dyes in the process 
w a t er . 

T o  avoid some of the problcms mentioned above, the 
7967 Ctnsiis of Alanufacturers reported that in 1968 more than 
one half of thc Ivater withdrawn for use b y  plants in the 
pulp and paper industry utilizing more than 20 million 
gallons per day was treated prior to use (Bureau of the 
Census 1971).5 The  treatment consisted of the various pro- 
cesses shown in Table VI-14. 

The  source of water and its composition vary widely de- 
pending on plant location. The treatment of the mill water 
supply consequently varies. In  general, however, TAPPI 

TABLE VI-14-Water Treatment Processes-Poper and Allied 
Products 

Proscss Billion gal!ons treated Number 01 establishments 

Aeration.. .................................. 
Coagulation.. ............................... 
Filtration.. ................................. 
Softening.. ................................. 
Ion exchange.. .............................. 
Corrosion control.. ................. 

................. 

................. 

................. 

62.8 
821.8 
890.4 
116.1 
53.5 

181.5 
sn.5 
494.5 
93.1 

1,311.4 
- 

28 
194 
212 
239 
148 
126 
119 
101 
45 

466 
- 

Bureau 01 the Census 19116 
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TABLE VI-15-Summary of TAPPI Specifications for  
Chemical Composition of Process Water for  

Manufacture 

Kraft paw G r o n n d w d  Soda and 
Snbsla-maI porn Fino p a p  papers rnlnlo pub 

Blcachod Unblwchod 

Turbidily (Sios). ................ 
Color In platinum nib.. ......... 
Total hardnorr (CaCOd.. ........ 
Catdum hardnou (CaCOa) ........ 
Alkalinily ln ffl.O.(bCO$.... .... 
Iron ( f a )  ....................... 
Mangnoto (Pn) ................ 
Roddual c h l o k o  (Clt).. ......... 
Silica (tolublo) (Sios). .......... 
Tobl dlrsolrnd solids. ........... 
Frw carbon diolido (COY). ....... 
Chloridor (CO ..................... 
blagnorium hardnoss (bC01) .  ..... 

10 
5 

100 
50 
15 
0.1 
0.03 
2.0 
m 
mo 
10 

.......... 

.......... 

40 
25 

100 

15 
0.2 
0.1 

50 
300 
10 
mo 

............ 

............ 

............ 

100 
100 
200 

150 
............ 

1.0 
0.5 

............ 
loo 
m 
10 
mo 

50 
30 
mo 

150 
............ 

0.1 
0. I 

............ 
50 

559 
10 
15 

25 
I 

I00 
50 
15 
0.1 
0.05 

m 
250 
10 
75 
50 

.......... 

T e h n i w l  AsIociatim o( tho Pulp and Papsr I n d u r n  19511' 

indicates that the chemical composition of process water 
for use by the paper and allied products industry should 
have the specifications shown in Table VI-15. The produc- 
tion of some specialty papers, however, requires water of 
considerably higher quality. 

CHEMICAL AND ALLIED PRODUCTS (SIC 28) 

Description of the Industry 

The chemical and allied products industry is quite com- 
plex because of its wide range of products and processes. 
This industry produces more than 10,000 commercial 
products covering a broad range of uses. Most of the prod- 
ucts are converted to another form by other industries be- 
fore reaching the consumer. Thus, many are little known or 
understood by the general public. 

Processes Utilizing Water 

The Bureau of the Census subdivides chemical and allied 
products into 27 industries. Many of these are shown in 
Table VI-16, along with estimates of the water intake for 
process uses by each industry. 

Water is essential to most of the processes used in chemical 
manufacturing. I t  can be used to separate one chemical 
from another or to remove a chemical from a gas stream. 
I t  can be the medium in which a chemical reaction occurs. 
I t  can be employed as a carrier to introduce materials into a 
reaction system or to dissolve or wash impurities from a 
product. I t  often is part of the final product. Water can also 
he i i n ~ r l  in rhp vzpnr fnrm 2s steam heat tn faci!itate rhem- 
ical reactions or process operations. I t  can be used in the 
liquid form to remove heat generated by other chemical re- 
actions or operations. Water is also the product of some 
chemical reactions. 

Generally, the minimum water quality required for a 
specific process has been determined through experience 

and is discussed below. In some cases the minimum quality 
has never been established because the available water in 
use is acceptable and not necessarily the minimum quality 
that can be used. 

Significant Indicators of Water Quality 

The number and diversity of manufacturing facilities in 
the chemical and allied products industry and their wide- 
spread geographical locations in the United States are such 
that the waters used for process applications vary widely in 
chemical constituents. Table VI-17 lists some of the quality 
characteristics in raw water supplies that have been used to 
provide water for process use in this industry. The figures in 
Table VI-I 7 represent extremes, and no water would have 
all the values shown. 

Because of the multitude of products and processes in the 
chemical industry, only general characteristics can be ap- 
plied for process water quality required at  the point of use. 
The ranges of quality are so wide, even for similar products, 

!n the 
manufacture of plastic materials and resins, for example, 
some products require water equivalent to potable water 
with a masimum total dissolved solids limit of 500 mg/l, 
yhile other products require a high level of treatment (Le., 
clarification, demineralization, sterilization, and membrane 
filtration) with a maximum total solids limit well below 

Low turbidity is the key quality requirement for most of 
the process water used in the chemical and allied products 
industries. Other general quality requirements may involve 

. .  !hl! specific c!?"r.?cter:s!:cs 2r: nc! z:?zi.?-r.*' 

1 m d l .  

TABLE VI-1bProcess Water Intake b y  Chemical and Allied 
Product Industries with Total Water Intake of 20 or 

More bg During 1968 

Prasu mln i n b k v  
SIC Induslq group and indurlq 

b i  per cent 

2112 
2813 
2815 
2116 
2818 
2819 
2821 

2823 
2824 
2 l u l  
2834 
2841 
21161 
2811 

an 

--.. 
16u  

28 

dlkalier and Chlorine 
Induslfkl Gas. ................ 
Cyclic lnlcrmedules and C N d m  ....................... 
Inorganic Figmenb.. ................................ 
Organic Chemicals. n.s.cb.. .......................... 
Inaqanic Chemicals. n.a.0 ........................... 
Pbstic Materials and Resins .......................... 
SJnthslic Rubber .................................... 
Cellulosic M a n m d o  fibers. ......................... 
Organic Fibns. noncellulmic .......................... 
MediuNlr  and Bobninlr.. .......................... 
Pharmceutial Reparations.. ........................ 
S s p  and Other Oslergenb.. ......................... 
Gum and Wood C h e m i a h  ............................ 
FerliUters. ......................................... 
rsp1on rsr .......................................... 

Sublolal.. ...................................... 
Nonlirlad Industries. ................................ 

Chsmialr and Alliad Products. ....................... 

- .  

18.9 
5.3 

19.3 
21.2 

194.0 
15.2 
50.9 
15.1 
30.5 
1.1 
2.1 
3.9 
1.9 
0.8 

24.2 
8 . 0  

699.6 
11.0 

733.4 

- 

- 

2.6 
0 1  
2.6 
2.9 

51.1 
10.1 
6.9 
2.1 
4.2 
1.0 
0.4 
0.5 
0.3 
0.1 
3.3 
1.1 

95.4 
4.6 

100.0 

- 

- 

0 No1 including USE for onibfy.  boiln fmd, or d i n g  w a l a  ~fposar 
b Not s l s ~ ~ h e r o  clardflod 



TABLE VI-17-Quality Characteristics of Waters That Have 
Been Used by the Chemicul and Allied Products Zndustry 

( U n l m  othawira indimled. units are null and nlues IN M d m u m r  No one wata will han a11 tho mumum 
nlues shown) 

Characteristic Conccntntion 

Suspended Solids. ...... 
Hardnrss(CaC0~) ...... 
Alkalinib (CaCOa) ................................... 
pH. unils .......................................... 
Color. units ......................................... 
Odor threshold number.. ............................ 
BOO ( O ? )  ................... .: ..................... 
COD (01). ........................................ 
Tempera ure ....................................... 
DO (02). .......................................... 

a Accepted as reoeivsd(i1 meeting other limiting values): has never beena problematconcenbtionserount:red. 
ASTM 19704 or Standard Methods 1911’6 

total dissolved solids, hardness, alkalinity, iron, and 
manganese. Where these latter requirements apply, they 
generally fall in the range of the Drinking Water Standards 
(U. S. Dept. of Health, Education, and Welfare, Public 
Health Service 1962).2n Thus, water from public and private 
drinking water systems is widcly used without further treat- 
ment for process applications in the chemical industry. The  
rigorous water quality requirements for certain products can 
include nearly all of the characteristics used in describing 

small fraction of the industry’s total water use for process 
purposes. 

Table VI-I8 shows an example of the quality of process 
water at point of use in a large chemical plant that manu- 
factures a wide variety of products. The distribution of 
water processes used is not to be considered typical for the 
industry. Thc table is presented to show the levels of treat- 

waie‘ yua; ;q  . ;jci,ci-ci-, &j !iigli q”&yj jy-i;rcscn:s a “eri’ 

TABLE VI-18-Quality Characteristics of Process Water a t  
Point of Use in a Lurge Multiproduct Chemical Plant 

l r r l m e n t  process percent Dissolvsd solids Hardness (mgllas 
mill CaCO3) 

Raw water (urmned p.. ........................... 71 85 50 
CbrifloBon. Rllration. and chlM!lutionh.. ............ 10 95 50 
Sdlening (ion elchange).. ......................... 14 85 < O S  
Demineraliation (Ion exchange). ..................... 5 < I  - 

a Dissolved solids and hardness arm actual values at this plan1 location. I n  mor( cases water 01 higher dissolved 

b Turbidily less than one unit  
e Includes steam and boikr teed water used i n  prmsser 

solids (500 m i l l  mar) and higher hardness (250 mg/l MI) would be aaaplable. 
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ment applied in merely one multiproduct plant. The pro- 
cess water usage in that plant is 1.2 gallons per pound of 
product. This is only 2 per cent of the plant’s gross water 
usage; cooling water accounts for all but a slight amount of 
the balance. 

Water Treatment Processes 

The normal water purification process for raw surface 
water supplies usually involves clarification (coagulation, 
sedimentation, filtration). This may be supplemented by 
softening, demineralization, and other special treatment 
processes. However, most of the treatment methods shown 
in Figure VI-1 could be used. 

In many cases waters from public supplies or from private 
wells are acceptable as received and are used without treat- 
ment. This constitutes a large portion of the total process 
water used in the chemical industry. 

Generally, the cost of process water treatment is a small 
part of the overall cost of manufacturing in the chemical 
industry because of the modest water quality requirements 
acceptable for many process uses. By contrast, certain pro- 
cesses require exceedingly high-quality water resulting in 
water treatment costs that can be more than a significant 
share of the manufacturing costs. 

PETROLEUM REFINING (SIC 291 1) 

Description of the Industry 

The principal use of water in the petroleum industry is in 
refining. Other operations, such as crude oil production 
and marketing, rely on water but do not use significant 
amounts. Some water is used in the exploration bianch for 
drilling wells and some is used in the operation of natural 
gasoline plants, but the amount is insignificant in relation 
to that used for the refining process. 

Refinery Water Consumption Trends 

The 7967 Cerrsus of Manufacturers (Bureau of the Census 
1971)5 indicated a gross water use (including recycle) of 
7,290 bg. This represented an 18 per cent increase over the 
1964 usage. However, the water intake to refineries report- 
ing both in 1964 and 1967 was indicated to be 1,400 bg. 

This stable demand can be attributed to the increased use 
of air for cooling purposes, resulting from increasingly 
scarce fresh water. In addition, the growing cost of water 
quality improvement prior to use and prior to final dis- 
posal encourages conservation and reuse. Of those refineries 
included in the 1967 census report, 91 per cent are reusing 
water. 

The total discharge from these refineries was about 
1,210 bg, a 7 per cent decrease from 1964. 

About 13 per cent of the total water intake by refineries 
comes from public water supplies, and the remaining 87 per 
cent comes from company-owned facilities. The  company- 
owned water supply comes from surface (53 per cent), 



\ 
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TABLE VI-19-Summary of Specific Quafity Characteristics 
of Surface Waters That Have Been Used as Sources for 

Petrofeum Water Supplies 

................................ 

................................ 
Ammonia ("2) ............................................. 
Ricarbonatu (HCO,) .......................................... 
Sullale (SO,). .............................................. 
ChlDndo (Cl).., ............................................. 
Fluotido (0.  ............................................... 
Nitnle (nor) ............................................... 
Oimlved Solids.. ................................ 
Supondud Solids ................................. 

pH. unib ...................... 
Cola. unib ................... 

ground (9 per cent), and tidewater (38 per cent). The  use 
of ground water is being phased out in many locations in 
favor of impounded surface water. The quality character- 
istics of surface waters treated to produce waters acceptable 
for process use are given in Table VI-19. 

Processes Utilizing Water 

Of the total water intake to all refineries, 86 per cent is 
used for heat removal by either once-through or recirculat- 
ing cooling systems, 7 per cent is used for steam generation 
and sanitary purposesI and 7 per cent for processing. The  
water distribution in a hypothetical refinery limited to fresh- 
water makeup is shown in Figure VI-2. Here, the distribu- 
tion is about 56 per cent for cooling, 24 per cent for boilers 
and sanitary purposes, and 20 per cent for processing. These 
values differ from the overall average, because the cooling 
water is circulated. 

Process Water Properties 

Process water used in refineries may be characterized by 
the physical and chemical properties of the water. The  rele- 
vant properties are described in the following paragraphs 
and in Table VI-20. 

A. Inorganic salts that cause deposition and corrosion 
can be removed from crude oil by a solvent action. Desalt- 
ing by intimate contact with water is the preferred method. 
Oil products are frequently purified by washing with acid 
or caustic solution; diluent water and aftenvash water is 
used in these processes. Catalytic cracking produces quanti- 
ties of ammonia and carbon dioxide that form deposits 
unless water is injected into the system to keep them in solu- 
tion. 

B. To transfer heat in numerous operations, barometric 
condensers are used to create low pressure conditions in 
fractional distillation. Some catalytic processes require 
quenching of furnace effluents. Hot water is sometimes 

viscosity petroleum products. 
C. Chemical reactions can occur in process water. When 

quicklime is used in water softening, water enters into the 
slaking process. At certain times in platforming, water is 
introduced to chemically condition the catalyst. 

D. \Vater used merely as a carrier must be considered, 
such as in the periodic cleaning of the plant or in transport- 
ing solids through pipelines. 

E. Kinetic energy in the form of hydraulically operated 
cutters is used in decoking furnaces and descaling boiler 
tubes. Hydraulically operated brushes are used to clean 
condenser tubes. 

F. Some processes use more than one of these properties 
simultaneously; e.g., water can be introduced into frac- 
tionator overhead lines both as a solvent and as a carrier. 
Ion exchange backwash also relies on these two properties of 
water. 

pzr ,pcd :hrough pipc!inc; ;c fzci:i;a;c ;hc ;i;ij$ci 0: ;&& 

TABLE VI-20-Process Water Uses in Oil Refineries 

uw (luantily used pl/bbC R a m  (ree above) Trwlment (rao pale 387) Recommandations 

Wastdng ....................... I.s-s.0 O L E  t Rccycied phnt efauent it ntidactrjq. 
oesalting.. ..................... 2.LHI.o A Rmpihtion 01 u k i u m  and mtnaium salb aru undusirablo in this Qrcsar 
Baromutric c a n d e w  ............ l.W.0 B 1 Rccycled plant emen1 may be utidacbry. Caution should be srarcised buauu, componunb in the 

cmuent can rmct wiLh componsnlt i n  the pms  malerial bring condrnmd. These rwctiMs, E- 
cuninf in intimale conhcl with wata. u n  row11111 in t h ~ l ~ ~ m t i ~  01 slabls smuldons and/or UlciUm 
rcnpt. which would rquire downsbum chcmiol tfsltment 

C a u k  dilutanl.. ........ A 2 Calcium. mqnaium. carborule. and biurbmter aru undusinblo. 
Absorber injection ........ A 2 Calcium alb aro undsrinbla 
Flu0 Gas quench.. ....... 
Water wath a l l u  caustic.. A 2 Calcium and malnsrium ulb are undednbla 

B 3 Ouionized watec or stuam condenale musl be ured in Uds mcsar 

.......................... Sea water i s  ulidactrjq. 
2 R w t l t d  stwm condensale Umpbed lot U d S  Qr- 

A h 0  
B h C  

C 
Ah0 

3 
2 
1 
2 

Ouionized watar or dum condensate must be amployad in this 
Raw walu supply with R~ZNI lnder adjusted below 6.0. 
Raw watec supply satislaclrjq. Recycled plant efiluent not utidaclm. 
Raw w a t  supply or ion archan;ed rratu. depending u p  lypa at iw OrChnpo. 

a Galtons 01 w a t  per band d mudo oil pDcsned Ruf~nmj  capdtis m in U!n ranan of 20,000 to lW,OO bancts of cmde dl per day. 
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Process Water Treatment effluent. In  many instances, the plant waste discharge can 
be recycled. 

2. Some treatment, external or internal, needed. Some 
erally fall into three categories. These are shown below and normal constituents of water undergo physicochemical 
in Table VI-20. changes, e.g., calcium carbonate is precipitated by heat. 

1. No treatment needed. The  dissolved and suspended These must be removed or neutralized. 
solids are limited only by the restrictions on the plant 3. Complete of removal solids needed. Usually, these 

The treatments of refinery process water before use gen- 

Total 
water I 
(4150) 

Makeup 
(2300) 

Figures in 1,000’s gallons water/day t Evaporation 
( 1  550) 

Circulatine 
cooling water 

(750) 

COOLING TOWERS Cooling 
tower 

. blowdown 

nn 
t 

Process water 

t 
Condensate 

to waste 
(400) 

Steam lost 
(500) 

. .  - - - 

Total 
Plant 
Waste 
(2100) 
A - 

Makeup 
( 1  000) 

FIGURE VI-&Water Distribution in a Hypothetical 555 Million Refinery That Processes 50,000 bbl./Day of Crude (Courtesy - of Chemical Engineering Magazine) 
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waters are vaporized and any water soluble salts remaining 
are undesirable. These waters may be deionized water or 
steam condensate. 

PRIMARY METALS INDUSTRIES (SIC 33) 

Description of tho Industry 

The primary metals industrial group is defined in the 
SIC Manual as those "establishments engaged in the smelt- 
ing and refining of ferrous and nonferrous metals from ore, 
pig, or scrap; in the rolling, drawing, and alloying of fer- 
rous and nonferrous metals; in the manufacture of castings, 
forgings, and other basic products of ferrous and nonferrous 
metals; and in the manufacture of nails, spikes, and insu- 
lated wire and cable. The  major group also includes the 
production of coke." (U. S. Executive Ofice of the Presi- 
dent, Bureau of the Budget 1967)." 

Process water utilization by the primary metals industry 
as given in the 1967 Census q f  i\fanr~fncturers (Bureau of the 
Census 1971)5 is summarized in Table VI-21. The produc- 
tion of iron and steel utilized almost 88 per cent of all pro- 
cess water used by the industry. For this reason, water 
quality requirements have been included only for this seg- 
ment of the industry. 

Processes Utilizing Water 

T h e  iron and steel industry as defined for this report 
includes pig iron production, coke production, steel making, 
rolling operations, and those finishing operations common to 
steel m.ills? such as coke reduction? tin plating: and galvaniz- 
ing. Although many steel companies operate mines for ore 
and coal, this Section does not dismiss ore beneficiation 
plants, coal cleaning plants, or fabricating plants for a 
variety of specialty steel products. 

Most of the iron and steel making facilities in the United 
States are centered in integrated plants. These have gen- 
erally been located in the klidwest and East where major 
water sources are available. A few mills have been built in 
water-short areas because of economic advantages that 
outweighed the increased cost of recirculating water. The 
major processes involved in the manufacture of steel require 
process water, some in several ways. The succeeding para- 

TABLE VI-21-Process Wuter Utilization 

graphs present a brief description of the process and the 
process use of water. 

The  production of coke involves the heating of coal in the 
absence of air to rid the coal of tar and other volatile 
products. Process water is used in the direct cooling of the 
incandescent coke after removal from the coke oven in a 
process called coke quenching. This quenching process is 
nothing more than dousing the coke with copious amounts 
of water. 

Pig iron production is accomplished in the blast furnace. 
Process water is used to cool or quench the slag when i t  is 
removed from the furnace. The  major use of process water 
in the blast furnace is for gas cleaning in wet scrubbers. 
Steel is manufacturcd in open hearth or basic osygen fur- 
naces. Process water may be used in gas cleaners for either 
of these furnaces. 

The  major products of the steel making processes are 
ingots. Ingots, after temperature conditioning, are rolled 
into blooms, slabs, or billets depending upon the final 
product desired. These shapes are referred to as semitinished 
steel. \Vater is used for cooling and lubricating the rolls. 
These semifinished products are used in finishing mills to 
produce a variety of products such as plates, rails, struc- 
tural shapes, bars, wire, tubes, and hot strip. Hot strip is a 
major product, and the manufacturing process for this itcm 
will be briefly described. 

The  continuous hot strip mill receives tempcrature condi- 
tioned slabs from reheating furnaces. Oxide scale is loosened 
from the slabs by mcchanical action and removed by high 
pressure jets of watcr prior to a rough rolling stand, which 

ing stand of rollers. A second scale breaker and series of 
high pressure watcr sprays prcccde this stand of rolls in 
which final size reductions are made. Cooling water is used 
after rolling for cooling the htrip prior to coiling. h.iost hot- 
rolled strip is pickled by passing the strip through solutions 
of mineral acids and inhibitors. The  strip is thcn rinsed with 
water. 

Much hot-rolled strip is further reduced in thickness into 
cold rolls in which the heat generated by working the metal 
is dissipated by water sprays. Palm oil or synthetic oils are 
added to the water for lubrication. After cold reduction, the 
strip is often cleaned by using an alkaline wash and rinse. 

Tin plate is made from cold-rollcd strip by cither an 
electrolytic or hot-dip process, more commonly by the 
former. The  electrolt tic Drocess consists of cleaninq the strip 

preduces 2 sectic:: :!XI: C Z f i  !;c fiirthcr rcdi;ccd !;y :he finish- 

, .  - 
using alkaline cleaners, rinsing with water, light pickling, 
rinsing, plating, rinsing, heat treating, cooling with water 
(quenching), drying, and coating with oil. The  galvanizing 
or coatine of steel strip with various other products is car- 

lndusby SIC Na P r o m s  wlu used. 1968 
bE 

1,049 Iron and stwl ~cdurb'on.. ........................... UI 
Iron and steal foundrim.. ............................ 
Copper industy ..................................... 3331; 331 

332 

lUuminum indurw. ................................. 31u; UIZ 

." 
ried out basically by the same general scheme as tinning. 12 

50 
16 The  volume of water used in the manufacture of steel is a 

........................................... variable that depends on the quantity and quality of the 
available water supply. The  quantity presently being used 

All ovlcr primary mehl industrim. En 
.............. lohl prccarwaler. primary matab U l o r n  

Bureau 01 tho Conrur 19JV varies from a minimum of about 1,500 gal/ton of product, 
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where water is reused intensively, to about 65,000 galjton, 
where water is used on only a once-through basis. Both of 
these figures include total water utilized, not just process 
water. These figures contrast the range of water intake be- 
tween plants in areas having extremely limited water sup- 
plies and those in areas with almost unlimited water sup- 
plies. 

Data on the amount of process water required as com- 
pared with other water uses indicate that only 24 per cent 
of the water taken into a steel plant is termed process water 
(Bureau of the Census 1971).s Representatives of the in- 
dustry have indicated that process water may account for as 
much as 30 to 40 per cent of the total water intake. 

Recycling of water is receiving much attention from the 
industry as a method to reduce water utilization, reduce 
stream pollution, and minimize the cost of controlling this 
pollution. Although individual plants within the iron and 
steel industry have been practicing reuse of water to varying 
degrees for some years, the major changes are yet to come. 
According to the 7967 CPnsrrs of A4anirfactrrrrrs (Bureau of the 
Census 1971),5 the gross water used in the iron and steel 
industry (SIC 331) in 1968 was approsimatcly 6,500 billion 
gallons. This gross water use when compared \.rith a water 
intake of about 4,400 billion gallons indicates that 2,100 
billion gallons were reused. This quantity reflects total water 
reuse, not just of process water. The  consumption of water 
by the industry amounted to approsimately 263 billion 
gallons in 1968. (No corresponding calculation can bc made 
because no data on process water discharge are available.) 

Significant Indicators of Water Quality 

The quality of surface \\aters that are being utilized by 
the iron and stecl industry varies considerably from plant 
to plant. The  desired quality of water for various process 

TABLE 22-Quolity Requirements of Water ut Point of Use 
for the Iron ond Steel Industry (SIC 33) 

(Unless otherwise indicated, units are mg /I and values that normally should not be exceeded. Table indiutes quality 
of the water prior to the addition 01 substances used lor internal conditioninp.) 

Puenching. Selectad rinse waters 

ps cleaning hrtially Softened Demineralized 
Characleristics hot rolling, Cold falling 

SeHlwble solids .............. 100 5.0 5.0 0.1 
Suspended solids ............ ( 0 )  10 5.0 0.1 
Dissolved solids.. ............ (a )  (0)  ( 0 )  0.5 
Alkalinity (CICO~). .......... ( h )  ( 6 )  ( b )  0.5 
Hardness (CICOz) ........... ( 6 )  ( 6 )  100 0.1 

Chloride (CI) ................. ( 0 )  (n )  (a )  0.1 
Diuolred Oxygen ( 0 9 ) .  ....... (4 (6) (d (d 
Tempnture,  F .............. 100 1w 1w 1w 
Oil .......................... ( 0 )  1.0 1.0 0.02 

pH,units .................... 5-9 5-9 69 ( d )  

0 Accepted 11 received i l  meetiq other limitinp n t w s :  has never been I pr&m at M w n t n t i o n s  encountered. 
b Cmtrolkd by treatment lor other conrtiluentr. 
e Ninimum lo maintain rcobic conditions. 
d Cmcentntion not k w n .  
ASTN 191O'oT Standard Nethods 1911'0 

uses is difficult to define. For a few processes using relatively 
small quantities of water, limits on some constituents are 
known. For most of the process water used, however, only a 
few of the water quality characteristics have been recog- 
nized as a cause of operational problems. For the other 
characteristics or properties neither the technological nor 
economical limits are known. (However, the quality of the 
water available has been much less important than the 
quantity in determining where a steel mill should be built.) 
Ranges of values for the selected quality characteristics for 
existing supplies are listed in Table VI-22. The  water qual- 
i ty indicators that are considered important to the industry 
are settleable, suspended, and dissolved solids; acidity and 
alkalinity; hardness; pH ; chlorides; dissolved osygen; 
temperature; oil; and floating materials. 

Water Treatment Processes 

Most integrated steel plants have two or more process 
water systems. One  system is the general plant water supply. 
I t  receives only mechanical skimming and straining for 
control of floating and suspended materials that could harm 
pumps and possibly internal conditioning. This water is 
used for such diverse tasks as coke quenching, slag qucnch- 
ing, gas cleaning, and in the hot-rolling operations. For 
some of thesc operations, many mills use effluent from 
another process or recycle water in the same process, and 
the \\eater might actually be of very poor quality. However, 
the only limits for these process uses which could be estab- 
lished based on present knowledge are those listed in 
Table VI-22. The other process waters used by the steel 
industry comprise only 2 to 5 per cent of the total volume 
but often require considerably improved quality. 

Almost universally, one of these two improved supplies is 
clarified while the second is, in addition, either softened or 
demineraiized. The ciarihcd wiiiei- is iisiially a coa~~!a:cd, 
settled, and filtered supply that is either treated by the steel 
company or purchased from a municipality. The  use for 
this water is mainly in the cold-rolling or reduction mill 
where surface properties of the product are particularly 
important. 

The  softened or demineralized water is required for rinse 
waters following some pickling and cleansing operations. 
The  more particular processes from a water quality point of 
view are the coating operations, such as tin plating, gal- 
vanizing, and organic coating. Some plants use softened 
and others demineralized water for identical purposes. T h e  
quality limits desired for these two types of water, softened 
and demineralized, are given in Table VI-22. 

FOOD CANNING INDUSTRY (SIC 2032 AND 2033) 

Description of the Industry 

The U. S. canning industry is comprised of about 1,700 
canneries. These plants produce some 1,400 canned food 
items such as fruits, vegetables, juices, juice drinks, seafoods, 



meats, soups, and specialty products. In 1970, canned foods 
amounted to about 28 billion pounds packed in 938 million 
standard cases. The  quantities of the major products are: 
vegetables, 294 million cases; fruits, 153 million cases; juices, 
130 million cases; fish, 26 million cases. 

Processes Utilizing Water 

One of the most important operations in commercial 
canning is thorough cleaning of the raw foods. The  pro- 
cedures of cleaning vary with the nature of the food, but all 
raw foods must be freed of adhering soil, dried juices, in- 
sects, and chemical residues. This is accomplished by sub- 
jecting the raw foods to high-pressure water sprays while 
being conveyed on moving belts or passed through revolv- 
ing screens. The  wash water may be fresh or reclaimed from 
an in-plant operation, but it must contain no chemicals or 
other materials in concentrations that adversely affect the 
quality or wholesomeness of the food product. 

Washed raw products are transported to and from the 
various operations by means of belts, flumes, and pumping 
systems. These involve major uses of water. Although the 
freshwater makeup must be of potable quality, recirculation 
is practiced to reduce water intake. Chlorination is used to 
maintain recycled waters in a sanitary condition. 

Another major use of water is for rinsing chemically 
peeled fruits and vegetables to remove excess peel and caus- 
tic residue. \Vater of potable quality must be used in the 
final rinsing operation. 

Green vegetables are immersed in hot water, exposed to 
live steam or other sources of heat to inactivate enzymes 
and to wilt leafy vegetables, thus facilitating their filling 
into cans or jars. Bianching waters are recirculated, but 
makeup waters must be of potable quality. Steam genera- 
tion, representing about 15 per cent of water intake, when 
used for blancing or injection into the product must be pro- 
duced from potable waters free of volatile or toxic com- 
pounds. Syrup, brine, or water used as a packing medium 
must be of high quality and free of chlorine. 

After heat processing, the cans or jars are cooled with 
large volumes of water. This water must be chlorinated to 
prevent spoilage of the canned foods by microorganisms in 
case cooling water is aspirated during formation of a vacuum 
in the can. 

Figure VI-3 shows a flow sheet of the various uses of 
water and origin of waste streams. 

Most fruit and vegetable canning, as opposed to canning 
of specialty products, is highly seasonal. The demand for 
water may vary 100-fold throughout the months of the 
year. The  water-demand variation may be severalfold 
even for plants that pack substantial quantities of non- 
seasonal items. 

The  gross quantities of water used per ton of product 
vary widely among products, among canneries, and during 
years in the same cannery. The  proportion of gross water 
supplied by recirculation has increased over the years, and 

Watcr 
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FIGURE VI-3-Uses of Water in Food Canning Industry 
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TABLE VI-23-Gross Water Intake (annual use over W rng) 
for Canning Plants 

lbm WtW quantity (blr) Pamnt ol inhke quantit) 

lnbks ................................... 59 
R E U P .  .................................. 35 
Consumption.. ........................... 6 
Oinhrrle.. .............................. 5Y 

1m 
59 
10 
90 

4 

the trend is expected to continue. A tendency has been 
noted to use more water per ton of product as the proportion 
of recirculated water increases. New methods of processing 
are being evaluated that will reduce the amount of water 
being used for a given operation and will discharge less 
organic matter into the wastewater. The trend toward more 
recirculation of water will continue to increase. As recircu- 
lation increases, methods will be employed to improve the 
quality of the recirculated water and to reduce the amount 
of fresh water added to the system. Unfortunately, the 
maximum use of reclaimed water is hindered by specific 
federal and state regulations originally adopted for other 
guiding principles that do  not now necessarily appl\.. 

The same problem occurs with water conservation, 
whereby regulations in certain instances demand fixed 
volumes of water use that, because of process and equip- 
ment changes, are no longer necessary. 

Table VI-23, gives the rate of gross water intake as based 
on the 1967 Census of Manufactirrers (Bureau of the Census 
1971)5 for canning plants. 

A breakdown of the quantities and percentages of the 
total water used in the various process operations based on 
data from the National Canners Association is as follows, 
Table VI-24. 

I 
I 
1 
I' 
c 
I 

TABLE VI-24-Total Water Use in Canning Plants 

1n.plInt UP Wtlsr quantity (bgf) -1 ol IOttl us 

Rrw poduct washing.. .................... 14.1 
Product Irrnrpata.. ....................... 9.4 
RodUct pspmtions.. ..................... 9.4 
lDcapontion in poductc. .................. 5.6 

Coobina cwling.. ........................ 33.9 
Flan1 Qlnup ............................. 1.5 

Swm and ntcc steriletie d sonbinas.. . 14.1 

15 
10 
10 
6 

15 
16 
8 

Significant Indicators of Water Quolity 

Of the 48 billion gallons of water intake for canned and 
cured seafoods and canned fruits and vegetables 24 billion 
gallons were drawn from public surface water supplies and 
more than 20 billion gallons from groundwater sources. 
Approximately 4 billion gallons came from private surface 
water supplies. 

Major Industrial Uses of W7ater/39 1 

The  quality of raw waters for use in the food canning 
industry should be that prescribed in Section I1 on Public 
Water Supplies in this Report. 

Table VI-25 has been prepared to indicate the quality 
characteristics of raw waters that are now being treated for 
use as process waters in food canning plants. The values 
given are not intended to imply that better quality waters 
are not desirable or that poorer quality waters could not be 
used in specific cases. Significant water quality require- 
ments for water at point of use are given in Table VI-26. 

Although the quality characteristics indicated in Table 
VI-26 may be desirable, it is recognized that many sources 
of water supplies contain chemicals and other materials in 
excess of the indicated levels, but with advance treatment 
these waters may also provide any quality desired at a price. 

If the water needs of the nation are projected into the 
future, the time may come when a completely closed-cycle 
system will be required in some areas. This means that the 
waste effluent from a food plant may have to be treated to 
achieve a high quality water for reuse. 

Water Treatment Processes 

Surface waters used by the food canning industry require 
treatment before use as process waters. Usually, this treat- 
ment involves coagulation, sedimentation, filtration, and 
disinfection. More extensive treatment may be required for 
those waters incorporated in the product. 

Container cooling waters are routinely treated by heavy 
chlorination to render them free of significant types of bac- 

TABLE VFW-Quafity Characteristics of Surface Waters That 
Have Been Used by the Food Canning Industry 

(Unlm oMMiw indiubd. units In mr/l  and nks IN EUrimUmL) 

CbflctsrirtiC Conmnlntion m u  

Alkalinity (ClCO&.. UXI 
pH, unilr 8.5 

Cllcium (CI). ........................................ 120 
Chlorides (CO #)(I 

Llltta (SO,) ........................................ 
Ira (Fa).. 0.4 

0.2 Manfonete (Mn) ..................................... 
Siliu (SiOt) dinolrsd. 50 
PhDnOls.. ........................................... (0 )  

Nitnls (Nos). 4 
Nibila (Not). ('4 
fluoride (0.. ....................................... (0 )  

Orgnia: arbon chlotolam srbrtl. ................... 0.3 
chnniulor)yen dsrmnd (Or). (b )  
0da.thmhold number.. ( 0 )  

Tarts. Passhold number.. ............................ (0 )  

Suspended solids.. 12 
Cdilam. aunl/l@ ml.. ( 0 )  

................................. 
............................................ 

310 Htrdness (CICOs). ................................... 

........................................ 
250 

.......................................... 

............................... 

....................................... 
....................................... 

........................ 
............................. 

5 
550 

.................................. 
Dissolved wlids.. .................................... 

................................... 
.............................. 

As rpacinsd in Watu Quaiit) Raommmdttims f a  P d c  W l t a  SUR& in Ws R W  
b Aaepbd nraeind(il  rnatinoMar Iirrdti~nloes); b: asmllma v o b k m a t & m m  
e Not dutalabls by tat 
ASTM 19701 OT Shndlfd M W S  1911.'S 
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TABLE VI-26-Quality Requirements of Water at  Point of 
Use by the Canned, Dried. and Frozen Fruits and 

Vegetables Industry 

(unhss o t h d o  indiuled. units aro mglt and vabm Vrat nmmally should not bo ormedo4 Tho Tablo indigtm 
quality of water prior I o  tho addition 01 ntbNnca used for internal conditioniug.) 

Cannod spffialtios (SIC 2032) 
Canned fruits and VegebblM (SIC Zrm) 
Dried lruits and rqotablor (SIC m32) 
Frozen trnili and rqelablm (SIC 2cu7) 

Charaacrirtic 

Acidity (HdO,).. .................................... 0 
Alkalinity (CaCO,). ................................... 250 

Hardnsrs (CaCO,). ................................... 250 
Calcium (0). ........................................ 100 
Chloridos (C I)... ..................................... m 

pH. unib ............................................ 6.54.5 

250 
0.1 
0.2 

Chlorine (Cg ......................................... (0 )  

Fluorides (0. I (6) 
Silica (902). ........................................ 50 
Phenols. ............................................ (3. 4) 
Nitrates (NO,).. ..................................... 10 ( b )  
!!l!!i$r !!!%!. ...................................... ,- , 
Organics: 

Carbon tetrachloride extractabb.. ................... 
Odor. lhrsshold number.. ........................... (4 
Tatto, threshold number ............................. (d 
Turbidity., (/) 
Color. units. ....................................... 5 

Susponded solids.. ........ ................. to 
(/I 

Total bacteria. rrmnt/t00 mt.. (3) 

........................................ 

/.\ 

0.2 (4 

........................................ 

500 

......................... 

0 Rmss wators for food unning aro purposely chlorinated to a rotsled. uniform lore1 An unchlminatod ruppR 
must bo available Im pieparalion ot unning $rup. 

b Walors used in tho prmessing and formubtion 01 foods lor babins should be law in nuorides concentration. Bo. 
IUO high nibato intako is alleged l o  bo inroiwd in infant illnosm. tho concanbation of nitrates in waters urod tm 
mmssini hby I d s  should bo low. 

= Not  detectable by lest  
d Because chlorination ol  f w d  proceuing waters i s  a dnirablo and widespread paetin. tho phenol contentot 

intako waters musl bo considerod. Phonol and chlorino in wafer on react I o  lmm chtwhond. which ewn in baa 
amounts u n  impart a medicinal 011.111~01 Io foods. 

Maximum permissible conconbation may bo lower depndinp on typ 01 substarno and its onat on odm and 
lasts. 

I As required by US. Oeputmenl o l  HeaHh. Education. and Wolfuo. Public Heallh SUviM (1962'9. 
o Tho total baderiat count must bo considered as a puafity requirnmenl fm walers used in c l rh in food procCsing 

operations. Olher than aesthetic consdentions. ld ih badefiat wncentration in waters coming in conbcl with frozen 
foods may signilluntfy i n c m o  tho count pet gram for tho lood. Waters u o d  I o  coot heat&riLed I n s  or jars d 
I w d  musl be low in total count lor bacteria to proront rsrious spmbgo duo to aspiration ot ornnirms throulh an- 
tainer scams. Chlorination is widely practiced lo a w n  loa W i t  mnli on wntainor mliq waten 

ASTM i 9 w  01 stanma mothods i s w  

teria. Waters used for washing and transporting raw foods 
are generally chlorinated, particularly if all or a portion 
of the water is recirculated. In some cases, waters in which 
vegetables are blanched may require treatment to reduce 
hardness. 

BOTTLED AND CANNED SOFT DRINKS (SIC 2086) 

Description of the Industry 

Since 1954 there has been a marked reduction in the 
number of plants producing soft drinks-from 5,469 in 
1954 with a production of 1,176,674,000 cases to 3,230 in 
1969 with a production of 2,913,110,000 cases (National 

Soft Drink Association).* It is obvious that numerous small 
plants have been discontinued as producing units. This trend 
continues. 

Processes Utilizing Water 

In the production of soft drinks, water is used not only in 
the finished product itself but also for washing containers, 
cleaning production equipment, cooling refrigeration and 
air compressors, plant clean-up, truck washing, sanitary 
purposes (restrooms and showers), lawn watering, low- 
pressure heating boilers, and air conditioning. 

Estimates of the total water quantities utilized in the soft 
drink industry for all purposes are: intake, approximately 
I8 bgy ; recycle, 4 bgy ; consumption, 4 bgy ; and discharge, 
14 bgy (Bureau of the Census 1971).5 

The  figure of 18 bgy intake is based upon production of 
2.9 billion cases per year and an average of 6 gallons of 
water used per case by the 130 largest plants surveyed that 
represent only 5 per cent of the plants in the industry. (The 
fiupi-irc nf 6 gallnn. per case is haspd cfi the !imiterl drta I?GW 

available.) 
The 7967 Census of Manufacturers lists the gross water usage 

in 1968, including recycle, as 9 billion gallons and total 
water intake as 8 billion gallons (Bureau of the Census 
1971).5 The reuse of water within the industry has for some 
years increased and is still increasing as the older and 
smaller plants are replaced by new and larger plants that 
use recirculating rather than once-through cooling water 
equipment, modern bottle washers that use less water per 
case than older equipment and other devices. The increased 
use of nonreturnable containers in recent years has resulted 
in lower quantities of water used for bottle washing. 

The  consumption figure of 4 billion gallons is based upon 
the water content of the total quantity of beverage pro- 
duced in 1968. 

The  discharge figure of 14 billion gallons is the difference 
between the estimated 18 billion gallons of intake and the 
4 billion gallons of product water. 

Significant Indicators of Water Quality 

Water that is mixed with flavoring materials to produce 
the final product must be potable. Likewise, potable water 
is needed for washing fillers, syrup lines, and other product 
handling equipment. The water used for washing product 
containers must also be potable. Although other water 
uses do  not require potability, it has not been customary to 
use nonpotable water for any purpose in a soft drink plant. 

The water that becomes a part of the final product must 

that will alter the taste, appearance, or shelf life of the bever- 
age (Table VI-27). Because beverages are made from many 

fi"! "E!;. he pC)!?!?!P, h..t m"'t &e ce"t2i" "3 c..hc:z.?C" 

* A case is defined as 24 bottles each containing 8 ounces of beverage. 
In the above figures, bottles larger or smaller than 8 ounce3 have been 
converted to 8 ounce equivalents. 
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- 
P 



I 

I '  

II 
II 

I 
i 

~ p' 

c 
I 

TABLE VZ-27-Quulity Requirements of Wore* ut Point of 
Use by the Soft Drink Industry (SIC 2084p 

(UnlsnoUlmrise indicated, unitsara mg/l and valuesthat norm$ should not be exceeded. The Table indicates 

subject to heavy biological growths or heavy pollution from 
organic chemicals are also dificult to process. 

Escept for process water, mOSt public water supplies are 
suitable for all other usages without external treatment. 
Occasionally, cation exchangers are used to soften \vater 
for bottle washing, cooling, and boiler feed water, but in- 
ternal conditioning is used in most plants for scale and 

Un quality 01 viler prior to lim addition 01 substances osed lor inlernrl conditioning.) 

Characteristic Conwntntion m i l l  

Alkalinity (CaCO,) .................................... as 
pH. uetr., ................. _ _  ....................... (b) corrosion control. 
Hardness (CaCO,) .................................... (b )  
Chlorides (Cl)., ...................................... 500 (0 
sunites (SIX) ........................................ YXI (0 TANNING INDUSTRY (SIC 31 11) 

Minganese (Mn). 0.05 Description of the Industry Fluaide(F). ........................................ 

Iron (Fe). ........................................... 0 . 3  
.................................... 

Total dinolred solids.. ............................... 
Drpnicr. CCE ....................................... 
Colilorm baBria. .  ................................... 
Color. units.. ........................................ 
Tilt8 ............................................... 
OdM.. .............................................. 

0 The more impoNnt parameters are listed. AMough not included in the table. a11 Drinking Water Standards 

b Controllsd by treatment lor othsr constituents. 
- I present with equivalent quantities of Mg and CI as sullates and chlorides. tha prmiu'ble limit may be some. 

d Not greater than PHS Drinking Water Standards (1952)24 
4 I n  funeral, public water Iuppliei are coagulrt8d. chlorinated. and flllcred through a n d  and granular retinled 

J Not detectable by test. 
ASTM l 9 J r  or Standard Methods 191118. 

(U.S. Department 01 Health. €duration. and Wellare, Public Htalth Serviu, 1962plor potability apply. 

what below 500 m g l l  

orbon to insure very low mpnic contsnt and Ireadom lrom taste and odor. 

different syrup bases, however, the concentration and type 
of substances that affect taste, or other characteristics, are 
not the same for all beverages. For this reason, a single 
standard cannot apply to all types of soft'drinks. 

The majority of plants use only water from a public sup- 
ply. Some use water from private wells. None use water 
directly from surface sources. The  quality characteristics 
for intake water are essentially the same as requirements for 
potable water. 

Water Treatment Processes 

There are few, if any, public water supplies that are 
suitable as product water without some in-plant processing. 
Almost 100 per cent of the bottling plants have as minimum 
treatment sand filtration and activated carbon purification. 
About 80 per cent of the plants also coagulate and super- 
chlorinate the water preceding sand filtration and carbon 
purification. When the total alkalinity of the intake water is 
too high, lime is used to precipitate the alkaline salts. 

There are very few bottling plants whose intake water is 
so highly mineralized that the brackish taste affects soft 
drinks. Among the reasons are the facts that flavoring com- 
ponents in soft drinks mask the taste of many brackish 
waters without altering the taste of the drink and that 
towns with highly mineralized water supplies are either 
avoided as locations for bottling plants or suitable private 
supplies are used. 

Uniformity of water composition is most desirable. Con- 
trol of in-plant processing is difficult when the composition 
of the water varies from day to day. Surface waters that are 

The leather tanning industry is many industries, as each 
type of leather constitutes a different process. Basically, 
there are only three or four types of tannage (vegetable, 
mineral, combination of vegetable-mineral, and synthetics) 
but many finishing processes. 

Processes Utilizing Water 

\Vater is used in all processes of storage, sorting, trim- 
ming, soaking, green fleshing, unhairing, neutralizing, 
pickling, tanning, retanning, fat-liquoring, dr!.ing, and 
finishing of the hides. I t  is an essential factor in each 
process. The chemical composition of the water is considered 
critical in obtaining the desired quality of leather. There is 
limited reuse of process water in the tanning industry. 

Data on water utilization by the leather tanning and 
finishing industry as reported in the 7967 Crnsirs o/ Manu-  

far/ i irrrs  (Bureau of the Census 1971)5 includes 14.8 bgy 
intake, 3.7 bgy reuse and recirculation, and 0.8 bgy con- 
sumption. 

TABLE VI-28-Quality Requirements of Water ut Poinr of 
Use by Lather  Tunning und Finishing Industry 

(SZC 3111) 

(Unless otherwise indicated, units ire mg/t and values that normally should not be exceeded. Table indicates 
(he quality of water prior to addition 01 substances used lor internal conditioning.) 

Characteristic Tinning praerras 6eneral flnishint Coloring 
paerras 

Alkalinity (CaCOs) (a) ( a )  ....................... (a )  

pH, units ............................... 6.04.0 6.04.0 6 . w 1  
....................... (c. d )  Hirdneu (CaCOS I50 ( b )  

Caklum (Ca). .......................... €4 ( b )  (6, d) 
Chloride (Cl) 250 250 (4 
Sullate (SO,). 250 250 (4 
Iron (Fe). 50 0.3 0.1 
M a q i n n s  (Mn) ........................ (d 0.2 0.01 
Orpniu:  carbon ChlorOlMm extract. ...... (e) 0.2 (d 
c O l o r , U ~ i t c . . .  .......................... 5 5 5 

........................ (4 Coliformbacterir (J) (f) 
Turbidity (c) (C) (d 

............................ 
.......................... 

.............................. 

............................... 

= m p t s d  as d i e d  (if meating other listed limiting values): has wiw basn I problem at wncentntims 

b Ume solbned. 
0 No1 delcctrble by test 
1 Deminmlited OT dittilled wrler. 

Concentration not k n m n  at which problems mr. 
J PHS Drinking Water Stmdirds (1962).*o 

tmuntered. 

ASTM 1 9 J F M  Standard MdhOdS 197110 
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Significant Indicators 00 Water Quality TABLE VI-29-Anolysis of Typical Freshwater Makeup ond 
Process Woter for o Copper Sulfide Concentrator 

The chemical composition of the water is important in 
producing high-quality leather. For some processes, such as C o n ~ a I ~ t ( m P / l )  
the finishing of leather, distilled or demineralized water is 
best. The  microbiological content of the water is equally im- 

W t U W  
H Ca M 0 SO, CI TOS pH* 

portant, but this can be controlled by use of disinfectants. F,ahrrlUmako,,p,, 9J Iod ........... ,o o.o 
The quality requirements at  point of usc arc shown in Table Rocduwaiu ....... 1535 I510 415 Us 1614 12 ziou 11.1 

VI-28. 

Water Treavment Processes 

Most tanning and leather product industries are located 
in urban areas and use public water supplies or ground 
water. A few tanneries use. surface supplies, usually chlori- 
nated. They may also need additional treatment such as 
clarification, and iron and manganese removal. 

A limited volume of water, whether from the public 
water supply or company-owned systems, may be softened, 
distilled, or demineralized. 

MINING AND CEMENT INDUSTRIES (SIC 10) 

Mining 

Description of the Industry Industrial usage of the 
term mining is broad and includes mining operations and 
quarrying; estraction of minerals, petroleum, and natural 
gas; well opcrations and milling (e.g., crushing, screening, 
washing, froth flotation) ; and other processing used to 
rcnder mincrals marketable. 

Mining operations are 
numerous, and many of them involve the use of water. 
Howcver, thc amount of water used is often relatively small, 
or its use is simply that of providing a suspending medium 
(as in coal washing) with minimal requirements of water 
quality. The principal consideration in these operations is 
that water acidity be relatively low so that corrosion of 
equipment is kept to a minimum. 

O n  the other hand, a number of the operations involved 
in this general category require the usc of large quantities of 
watcr \vith certain quality requirements relating to im- 
purity, type, and level. These operations are froth flotation, 
mine dump leaching, and secondary oil recovery. \Vith re- 
gard to froth flotation, an  operation extensively used to re- 
cover valuable minerals from low-grade ores, large ton- 
nages of material are processed each day. For example, in 
one large plant, 100,000 tons of copper ore per day are 
treated for recovery of copper sulfide. Generally, flotation is 
carried out at  approximately 25 per cent solids by weight, 
and freshwater makeup constitutes ahout 25 per rent nf the 
total water requirement. In such systems, water is normally 
recycled so that the impurity level of both inorganic and 
organic constituents builds up with repeated reuse. It is not 
possible to list maximal limits of impurity levels for such 
waters, but the levels found in the processing water of one 
operating plant (i.e., a copper sulfide concentrator) are 

Processes Utilizing Water 

0 H i s  total hardnmr orpaad aa UCOZ; Ca ia tolal skiom hardnsu ospreufd a i  CaCOa: ffl la total alkalini~ 
orpreued as CaCO,: 0 i s  total &drab orproad aa CaCOa: SO, ia Iota1 mllab: CI Is total chlcrido: TOS is  tobl 
diarolred solidr 

listed in Table VI-29. Also listed is the analysis of the fresh- 
water makeup that is added to the recycled water. This com- 
bination provides the total process water used for this plant. 

This fresh water is excellent for flotation. The actual 
process water used can probably be best described as one 
bordering on being problematic. The high Caf+ concentra- 
tion together with the high content of hydroxides of heavy 
metals (column 0) place this water in this category. 

Another process that is used extensively in the industry is 
the leaching of mine waste for recovery of copper. Large 
quantities of leach solution-approximately 225 million 
gallons per day-are added to properties located in this 
country. Most of the properties are located in arid areas, 
so that water reuse is mandatory. Solutions returned to the 
mine dumps for leaching have been subjected to treatment 
for copper recovery by replacement with metallic iron and 
then to further treatment to set the level of iron in solution. 
The analysis of a typical leach solution is presented in 
Table VI-30. Of these species, the amount of ferric ion is 
pe1'ild.p~ iiic rrivsi criiicai, in  &ai i i  the concentration is too 
high, precipitation of basic iron sulfate occurs within the 
dump and renders the dump impermeable to solution flow. 
In this regard it is also important that there be no concen- 
tration of suspended solids in such leach solutions as they 
too render the dump impermeable to flow of solution. As a 
result, these solutions are filtered prior to introduction to 
the mine dump. 

Secondary oil recovery has assumed great importance in 
the oil industry. One of the techniques used in recovering 
oil is water flooding of a formation. \Vith this technique 
water is pumped into a formation under high pressure, and a 
mixture of water and oil is then recovered from another 
well drilled into the formation. Such a process requires 

TABLE VIJO-Typical Anolysis of Leach Solution in Dump 
Leaching of Copper 

A t " .  ............................................. 12,an, 
fflp.. ............................................ 1Z.W 
F P . .  ............................................. 6.W 
Fa+'+. ............................................. 6. W 
S O C . .  ...................................... M.WO 
DH ........................................... H . 5  
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careful consideration of a number of factors, including 
permeability of the rock of which the formation is composed; 
type and amount of clay in the rock; ionic composition of 
the connate water; and composition, solids, and bacterial 
content of the water injected into the formation. If the clay 
content of the host rock is of a bentonitic nature (Le., a 
swelling type clay, which when used with fresh water is not 
in equilibrium with the ions contained in the connate water), 
the clay will swell and render the formation impermeable to 
water flow. An effective means of obviating this is to re- 
inject the same water, filtered of solids, into the formation. 
Another means is to keep the salt content of the water high. 

Stabilization of the water exiting from the formation 
must be considered, because gases such as carbon dioxide, 
sulfur dioxide, and hydrogen sulfide are released from the 
water. If these gases are not added to the water prior to re- 
injection into the formation, the water will not be in equilib- 
rium with the connate water, salts, and rock of the forma- 
tion. Precipitation of compounds may result, and permeabil- 
ity will be altered. 

Waters that are conveniently available are used for 
water injection. In  addition to formation and surface 
waters, sea water is often used. The composition of sea water 
and a water from a sand formation are listed in Table VI-31. 

Anaerobic bacteria are also a problem in water flooding, 
since they are capable of producing such compounds as 
hydrogen sulfide in the water. Effective bactericides are 
available to control this potential problem. 

The  quantity of water used in water flooding depends on 
the production of the well involved. A commonly added 
quantity would be 400 to 500 barrels per day, which is 
equivalent to 16,800 to 21,000 gallons per day. In  view of 
all of the secondary oil production using this technique, 
then, extremely large quantities of water are involved. For 
example, in 1960 approximately 634 million barrels of oil 
were produced by injection techniques in California, Illi- 
nois, Louisiana, Oklahoma, Texas, and Wyoming (Ostroff 
1965).15 

TABLE VZ4I-Composition of Seo Woter and o Forniation 
Woter Expressed os mgll. 

Conrtilucnl Sa nler Marnnuv sand (b.) 

CO,' ............................................................... 0 
HCOs-.. ................................ 142 211 
S O C .  .................................. 2,560 42 
CI - ..................................... 18,980 72.782 
cJ*. ................................... Iw 2.727 
M P . .  ................................. 1.272 655 
Na++K+ ................................ 1n.Mo 42.oon 
Fe (IobO.. .............................. 0.02 I1  
L*. ..................................................... 24 
TDS .................................... 11 1.524 
pH.. ...................................... ..5 

Cement 

The manufacture of cement involves combining lime- 
stone with silica sand, alumina, and iron oxide, crushing 
and grinding this mixture, burning at  high temperature, 
cooling, and regrinding clinker to fine size. If water is used 
at  all, it is used in the initial grinding step. In terms of 
water consumed, approximately 200 gallons are used per 
ton of finished cement. 

Because of the high temperatures used in the burning 
process (approximately 2500 F), water quality requirements 
are minimal. The alkali content of the process water can be 
a problem, however, if it is present in relatively high con- 
centration, because the alkali oxides are volatilized and 
condensed on the fine particulate matter produced during 
the burning process. If the amount of oxide is relatively 
high, oxide will build up as the fine particulate matter is 
recycled to the kiln. Alkali oxide may be removed from the 
fine particulate matter by water leaching, but this practice 
results in the problem of disposing of water V C I ~  iiigii ;ii 

alkali salts. Even if water leaching is not used, the problem 
of disposing of the oxide-bearing particulate matter also 
exists. 
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QUANTIFYING AESTHETIC AND RECREATIONAL VALUES ASSOCIATED 
WITH WATER QUALITY 

Provisions of the Wild and Scenic Rivers Act (U. S. 
Congress 1 968),13 The  National Environmental Policy Act 
( U S .  Congress 1970a),I4 and the Flood Control Act, Sec- 
tion 209 (U.S. Congress 1970b),15 have added impetus to 
the need for quantification of aesthetic and recreational 
values associated with water quality. 

Evaluation Techniques 

The two techniques necessary to assess total aesthetic and 
recreational values are (a) monetary benefit evaluations, 
and (b) nonmonetary benefit evaluations. 

Adonrlay bm@ evaluations usually start by determining 
costs of visiting a site from various distances and adopt a 
weighted average based on calculations of individual costs 
to visit a particular site from various zones and the number 
of visitors from each zone. The representative unit cost is 
then multiplied by the total number of espected visitors 
(the demand) to determine the total minimum benefit. (See 
Hotelling ( 1949),5 Trice and Wood (1958),’? Clawson 
( 1  959),? and Knetsch (1 963).G) Another procedure for 
imputing dollar values to benefits is to presume that 
benefits are equal to foregone costs of doing the same thing 
another way. Frankel (1965)‘ showed that the cost of down- 
stream removal of coliforms at a water treatment plant was 
less than the upstream cost of disinfection at a waste water 
treatment plant. The  conclusion to be drawn was that the 
benefits of chlorination at the particular waste water treat- 
ment plant were not equal to the costs saved downstream, 
and hence the practice could be discontinued at the waste 
water treatment plant. 

.hronmonetaiy bent@ Evaluations attempt to attach quantita- 
tive scales in terms of dollars and dimensionless scores to 
nonmonetary recreational and aesthetic values. These at- 
tempts fall into three categories. 

1 Waste treatment evaluation techniques Son- 
nen (1  967)” devised a scheme of multipliers ranging from 0 
to about 10 that, when multiplied by the identifiable mone- 
tary benefits of waste treatment, yielded an estimate of in- 
tangible benefits. The  value of the multipliers was a function 
of: (a) the downstream users’ local, regional, or national 
scope; (b) the private or public affiliation of the downstream 
users; (c) the number of people involved in each downstream 

399 

use; and (d) the relative importance of each constituent in 
the waste that might influence the enjoyment or use of the 
water. Only the subfactor for constituent influence was re- 
calculated for each constituent to be partially removed by 
the alternative treatment processes under consideration. The  
objective was a benefit-cost analysis of waste treatment al- 
ternatives with intangible benefits given quantitative 
weight. I t  was shown in a hypothetical stream discharge 
case that net benefits calculated with monetary benefits 
alone were masimized by a less complete removal process 
than was optimal when nonmonetary benefits were included 
in the analysis. Partial removals of 27 constituents to serve 
five downstream users, including recreational and aesthetic 
use, were evaluated. 

\\:ater Resources Engineers, Inc. ( I968)lG modified this 
procedure to evaluate alternatives for: ( I )  wastewater 
reclamation to protect current recreation benefits and to 
provide more; and (2) protection of a particular water to 
levels (of coliforms) suitable for harvesting shellfish while 
other competing uses of the water predominated (ISRE 
1969).” Ralph Stone and Co. (1969),’” in assessing the 
vaiue ofcicaiiiiig up Saii Eiego Bay, asked 27 k~c- .*: !durahlp  0----- 

people to rank the Bay’s 12 possible uses, giving weights 
from 1 to 10 to both the economic value and the social 
value of each use to the community as the interviewee 
perceived that value. In both the economic and the social 
value responses, tourism, fishing, marina activities, and park 
and recreation use ranked highest while industrial activity 
rated low, and waste disposal rated last in both responses. 

2 Water Resource Project Recreation Evalu- 
ation WRE ( l 97O) l8  devised two methods for evaluating 
intangible benefits as functions of the monetary benefits 
identified: a “benefits foregone-subjective decision” 
method, and a “nonmonetary expression of benefits’’ 
method. I n  the former the intangible benefits associated 
with wild, undeveloped streams are presumed to be equal 
to the foregone monetary benefits that would accrue to other 
users if the streams were fully developed. In  the latter in- 
tangible, aesthetic benefits are presumed to be estimable 
fractions of the identifiable monetary benefits. These two 
WRE methods have been demonstrated for both a wild 
river area and a developed stream in the Pacific Northwest. 
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3 Ecological Impact Analysis Six notable studies 
in recent years derived evaluation methods that require 
ranking sites on various scales, with constant upper and 
lo\\rer limits. ( I )  Whitman (1968)IQ developed a rating 
scheme for sbreams in urban areas based on seven factors 
related to the environment: three factors are assigned 20 
per cent relative weights, and four I O  per cent relative 
weights. Each stream is to be given a rating from 0 to the 
upper limit for each factor on the basis of how uniquely 
each of the subjective criteria is satisfied. (2) Dearinger 
( 1968)3 developed weighted ratings for subfactors encom- 
passing a range of environmental characteristics including 
climate, scenery, hydrology, user characteristics, and water 
quality. (3) Leopold (1969)' ranked scenic values by placing 
each stream in categories that measure the site's uniqueness 
with respect to all others evaluated. His three major cate- 
gories embraced physical factors, biological and water 
quality factors, and human use and interest factors. No 
superior-inferior ranking was implied for any category. 
(4) hforisawa and Murie (1969)9 presented a 1 to I O  

subjective stream characteristics, placing major emphasis 
on total dissolved solids content and sediment load with 
respect to water quality. ( 5 )  Leopold et al. (1971)5 devised 
a 3'x3' score sheet on which 86 "existing characteristics 
and conditions of the environment" are scored according to 
how they will be affected by any of 98 possible "actions 
which may cause environmental impact.'' Of the 86 charac- 
teristics, water quality was only one, aIthough*temperatut-e 
was given a row of its own too. Unfortunately, no esplicit 
score is given to the goodness or badness of the scores, and 
much subjective decision-making remains after these analy- 
ses have contributed what objectivity they can. (6) Battelle- 
Columbus ( 1  97 l ) l  desired a hierarchical arrangement of 
critical environmental quality characteristics arranged in 
four major categories: ecology, environmental pollution, 
aesthetics, and human interest. The system measures en- 
vironmental impacts in environmental quality units 
(EQU) ; each analysis produces a total score in EQU based 
on the magnitude of specific environmental impacts ex- 
pressed by the relative importance of various quality char- 
acteristics as prescribed by a predetermined weighting and 
ranking schenk. 

va;uc-ld~;l-lg jc& io +p:y qu"ii"ii&;i\c iv+:-,; ;3 &Ci.\,.ijC 

Current Least-Cos1 Evaluations 

The economic objective for water-quality-oriented pro- 
jects, such as water and waste treatment plants, has been 
to meet stipulated water quality standards or criteria at  

and proper at the design stage, has entered water quality 
management evaluations too soon on most occasions. The  
hasty assumptions are made that ( I )  certain uses are to be 
provided or protected, and (2) water quality criteria to pro- 
tect those uses are absolutely correct both with respect to 
constituents named and concentt ations assigned. But 

;czj; CvJ;. 1 :cw-evtT, ;cas;-ifist zi&+ i,-;i;c;i i j  iiiiijfirizn; 

caveats by the experts throughout this book about lack of 
scientific evidence to support meaningful criteria attest to 
the fallacy of these assumptions. Clearly if some prior 
anal) sis, such as a benefit-cost analysis including aesthctic 
values, could demonstrate that secondary treatment of 
wastes would provide adequate protection of the most 
justifiable mis of downstream uses in a specific set of circum- 
stances, then least-cost analysis would be the proper tool to 
determine the cheapest secondary treatment process to 
install. Unfortunately, the biggest stumbling block to this 
more nearly ideal sequence of analyses has been the lack of 
procedures for quantifying all the relevant values discussed 
above, including both monetary and nonmonetary ones. 
But it should be recognized that least-cost analysis is prop- 
erly applied only after the uses to be protected and the 
qualit! criteria to protect them have been determined 
through prior evaluation. 

Special Evaluation Problems 

There are problems that havc not !et been addressed by 
--" ---- L--- 
L L a c a t  C L I L L  J. 

o The perception of median value by the average 
person enjoying himself or his surroundings has not 
been normalized. The average recreator is not aware 
of his environment in terms of the silt load or coli- 
form organism measures that the scicntists use to 
characterize the environment. 

o A related problem is that of vicarious pleasure and 
its benefit to society as a whole. 

o There is no method available that defines absolute 
and relative uniqueness. hfethods that rank relative 
uniqueness on scaics oi i to io do not answer the 
optimal questions of water resource use, and methods 
like \\'RE'S (1970)15 cannot claim validity for more 
that comparative cvaluations of projects within a 
single river basin. 

0 There is no single, meaningful measure of water 
quality that can be related to the costs of attaining 
i t  and the benefits stemming from it. In his study of 
waste treatment alternatives, Sonnen ( l967)IL was 
unsuccessful at  separating the benefits that over- 
lapped from remoid  of one constituent and were 
undoubtedly counted again in assessing the benefits 
of removal of others. 

0 The quantification of aesthetic and recreational 
values associated with marine and estuarine waters 
demands particular attention. 

Further research must attempt to determine the levels of 

nate use of water. \Vith these quality-use spectra, sociolo- 
gists, psychologists, economists, engineers, and politicians 
will eventually be able to characterize objectively the aver- 
age, normative response of the populace to the environment 
and to deduce the values and relative values people wish to 
place on the conditions to be found there. 

8 .  . ~ ~ k t  CGiisiitliciit ii-iAC <ii:iAiiic, pic>ci b'c, icduc.c, VI t i i i i i i -  
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APPENDIX Il-A 

MIXING ZONES 

A. Mathematical Model References 

Mathematical models based, in part, on the considera- 
tions delineated in General Physical Consideration of 
Mixing Zones are available for prediction of heated-water 
discharge from power plants into large lakes (M'ada, 1 966;3? 
Carter, 1969;6 Edinger and Polk 1969,'O Sundaram et al. 
1969,30 Csanady, 1970,7 Motz and Benedict 1970,?? Pritch- 
ard 197 I ,27 Stolzenbach and Harleman 197 I ,29 Zeller et at. 
1971,3G Policastro and Tokar in press),2G cooling ponds and 
impoundments (Brady et at. 1969,' D'Arezzo and Masch 
1970),s rivers (Jaske and Spurgeon 1968,17 Water Resources 
Engineers 1968,35 Parker and Krenkel 1969,?j Kolesar and 
Sonnichsen 1971),'9 estuaries (Ward and Espey 1971)33 and 
ocean outfalls (Baumgartner and Trent 1 970).3 

Mathematical models of the distribution of non-thermal 
discharges into various receiving systems are also available 
for diffusion in lakes, reservoirs and oceans (scale effects) 
(Brooks 1960,5 Allan Hancock Foundation 1965'), diffusion 
in bays and estuaries where tidal oscillations and density 
stratification are factors (O'Connor 1965,23 Masch and 
Shankar, 1 969,21 Fischer 1 970,12 Leendertse 1 970),20 and 
dispersion in open channels and rivers (Glover 1 964,13 
Bella and Dobbins, 1968,2 Dresnack and Dobbins, 1968,9 
Fischer 1968,'l Thackston and Krenkel 1969,3' Jobson and 
Sayre 1 970,18 O'Connor and Toro 1 970).24 

Time-of-exposure models are discussed by Pritchard 
(I97 1 ).*' 

B. Development of Integrated Time-Exposure Data For a 
Hypothetical Field Situation 

1. A proposed discharge of a waste containing alkyl- 
benzene sulfonates (ABS) to a lake containing rainbow 
trout is under consideration. The  trout regularly swim paral- 
lel to the shoreline where the shallows drop off to deeper 
water. The  expected plume configuration, estimated ABS 
concentrations, and time of exposure for a swimming trout 
to various concentrations are shown in Figure 11-A-I. NO 
avoidance or attraction behavior is assumed. I t  is decided 

that an ET2 is appropriate for thic situation (see Comment 
a. below). 

2. To test if this mixing zone meets necessar! water 
quality characteristics, toxicity bioassays with rainbow 
trout are performed (see Section 111, pp. 118-123). Ob- 
serve mortality after each exposure to selected conccntra- 
tions at time intervals of approximate geometric or logarith- 
mic progression: i.e., IO ,  15, 30 and 60 minutes: 2, 4, 8, 
between 12 and 16, 24, and between 30 and 36 hours; 2, 3, 4, 
and if desired 7, I O  or more days. \Vliile only the shorter 
time periods are involved in this example, greatcr periods 
are necessary in some cases. After esposurc, trout should be 
held i n  uncontaminated water for extended periods so that 
delayed effects of exposure can be evaluated. \Vhile mor- 
tality was selected in this example as the response to be 
assessed. a more conservative physiological or bcliavioral 
response would provide a more positive factor of safety. 

3. Plot percentage mortality on a pro1,abilit)- (probit) 
scale with time on a logarithmic scale as in  Figure 11-A-2, 
and fit by eye a straight line to the set of points for ach 
concentration. The  object of this is to determine for each 
concentration the median lethal time where the fittcd line 
crosses 50 per cent mortality (the ET50) and the ET2, the 
time causing 2 per cent mortality. 

4. Plot the sets of ET50 and ET2 values on logarithmic 
paper and fit each set of points to create the toxicity curves 
as in Figure 11-A-3. 

5. Substitute the information on plume characteristics 
and time of passage (Figure 11-A-I) and the tosicity curves 
(Figure 11-A-3) in the summation of effects formula: 

TI Tz T3 ...+ Tn < I  
ET2 at C1 + ET2 a t  Cz + ET3 at c3 ET2 at C, - 

6 6 13 12 1 1  
00 52 1 7  52 
-+-+-+-+; 

Since the total is slightly over 1.0 a mortality greater 
than 2 per cent is expected, and the recommendation is not 
met. If the total was 1.0 or less, a mortality of 2 per cent or 
less would be expected and the recommendation would be 
met. 
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Average Concentration = 8 mg/ 

ET2 = 00 (greater than 4 days) 

\ 

Average concentration 
P 

Avcrage concentration 
= 30 mg/l 
ET2 = 1 7  min. 

ET2 = 52 min. 

FIGURE II-A-1-Predicted Concentrations of ABS in on Efluent  Plume, and Times of Passogeof Migrating Fish. Hypotheticol. 

Comments 

a. Use of the ET(S) .  A probability distribution is involved 
in mortality, and it is therefore impossible to give any valid 
estimate of an  exposure time which would cause zero per 
cent mortality. The  probability of mortality merely be- 
comes increasingly smaller as the exposure time becomes 
less. Therefore it is necessary to choose some arbitrary per- 
centage mortality as equivalent to negligible effect. Two 
per cent was chosen as a useful level in the example above 
kicc i t  i b  a iow number yet sriii nigh enough that the ex- 
trapolation of the probit line to that value has reasonable 
validity. Other mortality levels can be selected to fit given 
situations. 

IVhen mortality is the response measured rather than a 
more conservative one, a safety factor can be utilized by 

requiring the sum of the integrated time-exposure effects to 
equal less than unity. 

b. Toxicity Curves. For other toxicants, the curves may 
be greatly different from those shown in Figure 11-A-3, e.g., 
complex reflex or rectangular hyperbolas. Further dis- 
cussion of toxicity curves, and illustration of curves of var- 
ious shapes is given by IVarren (1971,34 pp. 199-203) and 
Sprague ( 1  969).28 

I t  is possible to cakculate equations for the toxicity curves, 
or portions of them, as was done for temperature-mortality 
data (pp. is1 ti.]. However, the equations for many toxi- 
cants are cumbersome because of logarithms or other trans- 
formation. Since the equations are merely the result of 
empirically fitting the observed experimental curves, it is 
easier and about equally effective to read values of interest 
directly from a graph such as Figure 11-A-3. 
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FIGURE II-A-3-Toxicity Curves for ABS to Rainbow Trout. 

The times to 50 per cent mortality and times to 2 per cent mortality have been read from the finesfitted in Figure II-A-2. 
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c. Threshold Effective Time. Organisms may survive for 
30 minutes, an hour, or sometimes several hours, even in 
extremely high concentrations of the pollutant (see caveat 
under d). 

series of comparisons between toxicity curves for 5 per cent 
and 50 per cent mortality are given by Herbert (1961," 
196515) and Herbert and Shurben (1964).16 The ratios be- 
tween LC5 and LC50 for the same exposure times are as 

d. Lethal Threshold Concentration. Survival for an in- 
definitely long period may be possible at  the lethal threshold 
concentration which may be close to concentrations which 
are quickly lethal. Organisms which exhibit an abrupt lethal 
threshold or a long threshold effective time may be es- 
pecially vulnerable to sublethal effects and careful investiga- 
tion of this possibility should be made. 

e. Need for Experimental Determination of ET(>(). Al- 
though it would be convenient to have some rule of thumb 
for estimating the ET(>() from the ET50, as is done by the 
"2" rule" for short-term exposure to high temperature 
(see Section 111, pp. 161-162), there does not seem to be 
any such simple generalization which can be applied to 
toxicants in general. The  relatively few examples which can 
be found in the literature indicate variable relationships. A 

follows: fluoride 0.4; a demulsifier 0.55; ammonium chlor- 
ide 0.55 (high concentrations) and 0.8 (low concentra- 
tions) ; washing po\vders 0.75, and a corrosion inhibitor 
0.88. Even for the same pollutant the ratio is different for 
different concentrations when the time-concentration rela- 
tion is curved, as it is for many substances. A difference is 
also found tvhen the tosicit!. curves are not parallel, as for 
ABS in Figure 11-A-3. The LC2/LC50 ratio for ABS varies 
from 0.46 to 0.72 at  high concentrations and short times, 
and increases to 0.87 for the 96-hour exposures. 

Because of this variability, no simple rule of thumb can 
be proposed for estimating, from the 50 per cent values, the 
concentrations \vhich will producc negligible mortalit!- or 
the exposure times for negligible mortalit!. It is nccessary to 
determine this empirically by the steps used in constructing 
Figure 11-.4-2. 
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APPENDIX Ull-B 

COMMUNtlX STRUCTURE AND DIVERSITY INDICES 

Evalua?ion Systems for Protec?ion 

There are two basic approaches in evaluating the effects 
of pollution on aquatic life: the first by a taxonomic group- 
inq of organisms: the second by identifying the  rnrnmiinity 
of aquatic organisms. 

First, the saprobian system of Kolkwitz and Marsson 
(1908,'9 1909""), moclified and used by Richardson (1928),'j3 
Gaufin ( I  9 X ) ,  I' H) nes ( I  9 6 p  and Beck ( I  954,33 I95P),  
depended upon a taxonomic grouping of organisms related 
to their habitat in clean water, polluted water, or both. This 
approach requires a precise identification of organisms. I t  
is based on the fact that different organisms have different 
ranges of tolerance to the same stress. Patrick (1951)j9 and 
IVurtz (1955)'j7 used a system of histograms to report the 
results of stream surveys based on the diffcrcnccs in toler- 
ance of various groups of aquatic organisms to pollution. 
Beck (1955)39 clevclopccl a biotic index as a method of 
evaluating the effects of pollution on bottom fauna or- 
ganisms. The  biotic index is calculatcd by multiplying the 
number of intolerant species by two and then adding the 
number of facultative organisms. Beck designated a biotic 
index value greater than I O  to indicate clean water and a 
value less than I O  to indicate polluted water. Other tech- 
niques based on the tolerance of aquatic organisms to pol- 
lution have been reported by Gaufin (1958)'j and Beak 
( 1  965) .3T 

The  breakdown of an  assemblage of organisms into pol- 
lution-tolerant, -intolerant, and -facultative categories is 
somewhat subjective, because tolerance for the same 
organisms may v a q  under a different set of environmental 
conditions. Needham ( 1  938)jS observed that environmental 
conclitions other than pollution may influence the distribu- 
tion of organisms. Pollution-tolerant organisms arc: alsn 

found in clean water areas (Gaufin and Tarzwell, 1952).46 
Therefore, the concept of the use of taxonomic groupings of 
organisms to evaluate water quality biologically has certain 
difficulties and is not commonly accepted today. 

The  second approach is to use the community structure 
of associations or populations of aquatic organisms to 

evaluate pollution. Hairston ( 1959)47 defined community 
structure in terms of frequency of species per unit area, 
spatial distribution of individuals, and numerical abundance 
of species. Gaufin (1956)44 found that the community struc- 
ture of benthic invertebrates provided a more reliable cri- 

species. 
Diversity indices that permit the summarization of large 

amounts of information about the numbers and kinds of 
organisms have begun to replace the long descriptive lists 
common to early pollution survey work. These diversity 
indices result in a numerical expression that can be used to 
make comparisons between communities of organisms. 
Some of these have been developed to express the relation- 
ships of numbers of species in various communities and 
overlap of species between communities. 

The Jaccard Index is one of the commonest used to ex- 
press species overlap. Other indices such as the Shannon- 
IVeiner information theory (Shannon and IVeaver 1963)'j4 
have been used to express the evenness of distribution of 
individuals in species composing a community. The  divers- 
i ty index increases as evenness increases (Margalef 1 958,j2 
Hairston 1959,47 MacArthur and MacArthur 1961,jj and 
MacArthur I 96453). Various methods have been developed 
for comparing the diversity of communities and for de- 
termining the relationship of the actual diversity to the 
maximum or minimum diversity that might occur within a 
given number of species. Methods have been thoroughly 
discussed by Lloyd and Ghelardi (1964),51 Patten ( 1962),60 
MacArthur ( 1965),j4 Pielou (1966,'j' 196g6'), McIntosh 
(1967)57, Mathis (1965)j6, \Vilhm (1965),'j5 and Wilhm and 
Dorris (1968)'j6 as to what indices are appropriate for what 
kinds of samples. An index for diversity of community 
structure also has been developed by Cairns, Jr. et al. 
(1SfiR)~o p n d  Cairns, Jr. afid Dirkofi (!9?!)" h~sec! c" 2 

modification of the sign test and theory runs of Dixon and 
Massey (1951).42 

Diversity indices derived from information theory were 
first used by Margalef (1958)j2 to analyze natural com- 
munities. This technique equates diversity with informa- 
tion. Maximum diversity, and thus maximum information, 

tprinn nf nrznnir rl.nrirhrn?nt than p r ~ e f i c p  ~f 2 c n e r i f i e  -r ---_-- 
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exists in a community of organisms when each individual 
belongs to a different species. Minimum diversity (or high 
redundancy) exists when all individuals belong to the same 
species. Thus, mathematical expressions can be used for 
diversity and redundancy that describe community struc- 
ture. 

As pointed out by Wilhm and Dorris (1968),66 natural 
biotic communities typically are characterized by the 
presence of a few species with many individuals and many 
species with a few individuals. An unfavorable limiting 
factor such as-pollution results in detectable changes in com- 
munity structure. As it relates to information theory, more 
information (diversity) is contained in a natural community 
than in a polluted community. A polluted system is simpli- 
fied, and those species that survive encounter less competi- 
tion and therefore may increase in numbers. Redundancy in 
this case is high, because the probability that an individual 
belongs to a species previously recognized is increased, and 
the amount of information per individual is reduced. 

1 
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The relative value of using indices or models to interpret 
data depends upon the information sought. To  see the rela- 
tive distribution of population sizes among species, a model 
is often more illuminating than an indes. To  determine in- 
formation for a number of different kinds of communities, 
diversity indices are more appropriate. hsiany indices over- 
emphasize the dominance of one or a few species and thus 
i t  is often diflicult to determine, as in the use of the Shannon- 
Weiner information theory, the difference betlveen a com- 
munity composed of one or two dominants and a fe\v rare 
species, or one composed of one or two dominants and one 
or two rare species. Under such conditions, an indcs such as 
that discussed by Fisher, Corbet and Williams ( 1%3)43 is 
more appropriate. To use the Slianiioii-\4'einer indcx, much 
more information about the community is obtained if  a 
diversity index is plotted. 

This section is the basis for the criteria on change of 
diversity given in the sections on Suspended Solids and 
Hardness, Temperature, and Dissolvcd Oxygen. 
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APPENDIX IS-c 

THERMAL TABLES-Time-remperoture relotionships ond lethol threshold temperofures for resistance of oquotic 
orgunisms (principally f ish)  to extreme temperofures (jronz Coutont.  in press's 1972). Column heodings. where not self- 
explonotory, ore identified in footnotes.  LDSO doto obtained for single firnes only were included only when they ancpli'ed 

temperotzire-time information. 

lccbmation lq time=a+b(lemp) Data limits LeUul 
Specior Strlo,'a~o Lenglh Weigh1 Se i  Lwtinn Rilefence Eitremo CC) 10% thraholdd 

Tam$=- Time a b Nb fc ____ CC) 
upper lower 

Abudeldul Sara- 'Adull. .......................................... Northern Gull Heath. W. 6. 
tilis (Sarlenl 01 Calilornia (1961)gs 
MfM) 

Adinia ronicl Aduk ...................... 
(diamond Killi. 
nrh) 

Jenerson Co.. Slfawn and 
Teias Dunn 

(1961P9 

Alhorinops aninis Jurenilo ...... 6.0-6.2cm... ....................... LaJolla. Calil. Doudoron 
(lopsmell) (194579) 

Breroortia bran. larval 11-34 mm ............ Mired Beaulor1 Haf- Lewis (1965)01 
nus (Llltntic bor. North 
menhadon) Carolina 

(3kN) 

Breroortia bran- Youngol4ho~ 
nus (Allantic year 
menhaden) 

Beaulort; Lewis and  Hal. 
N.C. llef (1968)" 

tlrevwrtia bran- Yearling ................................... Beaufort. I m i s  and Hel- 
nus (Allantic N.C. Uer (19W)n 
men tu d e n ) 

Crassius auntus Jurenilo ............ 21 ark Mired Commercial Fry. Brill .  6 
(;oldash) dealer Clawson 

(Toronto) (1942)" (and 
f r y .  Hart. 6 
Walker. 
1946)m 

Calostnmus corn- AduH (1-2 p) . . . . . . . .  10-19.9 Mirod Don River. Hart (194107) 
mononni (wt610 (modo) ThMnhiU. 
.i;b'; irnuiio 

32 

35 
15 
35 
35 

18.0 
m 
14.5 
18.0 
20 
25.5 

1.0 
10.0 
12.5 
15.0 
m.o 
21 
21 
16 
ia 

21 
22-23 

1-2 
IO 
I 1  
24 
32 
38 
19 
24 
38 

5 
IO 
ia  
m 
25 
20 
25 

42.9005 -0.0934 3 -0.9945 31.0 36.0 

(0 0;wF 21.9331 -0.4866 6 -0.9930 43.0 40.5 ................. 
(5"/wY 21.1919 -0.6159 6 -0.9841 43.5 41.0 . . . . . . . . . . . . . . . .  

(lOo/ooF 26.8121 -0.5899 6 -0.9829 43.5 41.0 ................. 
(2Oo/w). 28.1930 -0.6290 6 -0.9134 43.5 41.0 .................. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30.X29 

......... 42.2531 - I . Z Z I S  9 -0.9.w 33.5 31.5 ......... 11.0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.M24) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  s . m  

......... -0.4661 0.3926 1 0.916511.0 5.0 ......... 10.5 

............................................... 13.5(24) 

......... 0.96111 0.25M 9 0.9501 4.0 .............. 5.0 

......... 0.1512 0.2526 12 0.9452 5 . 0 - 1 . 0  ......... 6.0 

......... 0.6502 0.2186 12 0.9852 5.5 .............. > l . o  

......... 0.5615 0.2321 I4  0.933 1.0 .............. >8.0 

......... 0.2620 o . m  3 0.9612 4.0 ...................... 

( S O / @ )  5l.9980 -0.1643 2 ........ 35.0 34.0 ................. 
(5 O / P O )  85.1831 -2.3521 2 ........ 35.0 34.5 . . . . . . . . . . . . . . . . .  

(ZE-30 o/oo) ............................. 1.0 3.0 ......... 6.5 
(100/00) ............................. 1.0 3.0 ......... 6.5 

(50/00) 35.1158 -1.0468 3 -0.9114 34 31 .................... 
(4 -60 /00)  21.8063 -0.6312 IO -0.9216 35 31 ......... 12.5 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 (14) .......... 

...................................... 31 (14) .......... 

...................................... 34 (14) .......... 

...................................... 36 (14) .......... 
20.0211 -0.4523 2 ........ 41.0 39.0 39.2(14) .......... 
21.9234 -0.4113 2 ........ 43.0 41.0 41.0(14) 41.0 
...................................... I.a(l4) .......... 
...................................... 5.qW .......... 
...................................... lS.XI4) .......... 

......... U.69Sl -1.1191 2 ........ 21.5 21.0 ......... 8.1 

......... 1 9 . ~ 9 0  -O.MIO 3 -0.m 29 28 ......... 27.1 

......... 21.0023 -0.8068 4 -0.9506 31.5 30 ......... 29.3 

......... n.ms - o . m  i - 0 . 9 8 ~  32.5 29.5 ......... z9.1 

........................................................ 2.5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.0 

_. _̂._ . -.-. . .* ." * M I  ......... a I . X N , - I . Y V n  1 ........ w ' a  ., ......... .I.. 
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Cmqonus artedii Juwnih ......................... Mired 
(Urn) 

Pitkcrcl Edull and 
leks.. Colby. 
WaShlCNW 191O'm 
Ca. Mich. 

2 
5 

IO 
20 
25 

2 
5 
IO 
20 
25 

5 
IO 
I 5  
20 
25 

35 
35 
35 
35 

30 

25 

30 
35 
25 
30 
35 

25 
30 
35 

I 8 wks 
4 wks 

>2 wks 
2 wks 
3 wks 
8 wks 
4 wks 

>2 wks 
2 wks 
3 wks 

16.5135 -0.6689 
10.2199 -0.3645 
12.4993 -0.4098 
11.2367 -0.5333 
15.1204 -0.U93 
. . . . . . . . . . . . . . . .  
................ 

2.1355 0.3381 
2.5094 0.2685 
1.1154 0.1652 

4 
3 
6 

1 
a 

..... 

..... 
5 
6 
9 

-0.9189 23.0 19.0 ......... 
-0.9264 24.0 20.0 ......... 

-0.9481 30.0 26.0 ......... 
-0 .916430.0 25.5 ......... 
........ 1.5 0.3 ......... 
........ 1.0 0.5 ......... 

0.9021 3.0 0.5 ......... 
0.9631 4.5 0.5 ......... 
0.9175 9.5 0.5 ......... 

- 0 . 9 ~ 3 4  28.0 24.0 ......... 

19.1 
21.1 
24.2 
26.2 
25.l(u) 

<0 .3  
<0.5 

3.0 
4.1 
9 .1  

I Corqonus hoyi Juvenila 60.0 mm ............ Mired 
@loatcr) ( i ts I) 5.0. 5 .8  

bks Michi. Edull, Roltitrs 
pn 111 L Brown. 
Ktnosha. 1910'0 
Wist. 

i i d a o  15.8243 -0.5811 5 -0.9095 26.0 22.0 ......... 22.2 
5 d I  9.0100 -0.2896 6 -0.9516 30.0 23.0 ......... 23.6 
5 d a  11.1908-0.5101 4 -0 .936028.0 24.5 ......... 24.8 
5 da 28.6392 -0.9458 4 -0.9692 29.0 25.5 ......... 26.2 
5 da 21.3511 -0.6594 5 -0.9958 30.0 26.5 ......... 26.1 

( O o i o o )  21.9021 -0.6211 6 -0.9183 43.0 40.5 

( I O O j o o )  30.0910 -0.6629 6 -0.99M 43.5 41.5 
(5 o/oo) 35.3415 -0.1858 6 -0.9181 43.5 41.0 ......... 40.5 

(mojo.) 30.0394 -0.6594 4 -o.ggaz 43.5 11.5  

100 hrrh 35.0420 -0.8025 2 ........ 41.4 40.8 
(from 21.3 C) 

'I Cyprinodon nr ie-  Adult ............................... 
ptus (sheep$- 
hwd minnow) 

Jenerson Striwn and 
County. Dunn 
Teras (196199) 

.... 

.... 

.... 

.... 

Cyprlnodon varie. Adult ............................... 
plus  varieptus 
(shcspshsad 
minnow) 

anum (gizzard 
shad) 

Dorosoma ccpedi. Undefyurling ............................... 

6rlvcslon Simmons 
Island. Gal. (1971)9: 
veston. Teras 

field 0 41.1163 -1.3010 3 -0.9315 35.5 34.5 ......... 34.0 

*' 38.0658 -0.9694 4 -0.9921 38.0 36.5 ......... 36.0 
" 31.5434 -0.1110 5 -9.9642 39.0 31.0 ......... 36.5(u) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .:. ... 10.8 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14.5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.0 

......... 32.1348 -0.8698 2 ........ 35.5 35.0 ......... 34.5 

......... 4i.1030 -0.0541 4 -0.9991 38.0 36.5 ......... 36.0 

......... 33.2846 -0.8116 6 -0.9896 39 36.5 ......... 36.5 

2-4 dr 
PulhBay. Harl(1952)sR 

Ohio 

Dorosomi ccpedi. Undsqwrling 
anum (gizzard 
shad) 

Em lucius Jurenils 
(Northern Pika) 

Knorvillc. Hart (1952)Ks 
Tenn. 

I3 Minimum 
5.0 cm 

MIPIC. On. ScoIt (1964)Ss 
brio. Canada 

25.0 
21.5 
30.0 

25.0 
21.5 
30.0 

11.3066 -0.4523 5 
11.4439 -0.4490 5 
17.0961 -0.4319 5 

i 8 . m  -0.5035 5 
20.0811 -0.5283 5 
18.9506 -0.461 5 

-0.9990 34.5 32.5 ......... 
-0.9985 35.0 33.0 ......... 
-0.9911 3 . 5  33.5 ......... 

-0.9142 34.5 32.5 ......... 
-0.9911 35.0 33.0 . . . . . . . . .  
-0.9312 35.5 33.5 ......... 

32.25 
32.15 

33. ?5(U) 

32.25 
32.15 
33.25 

(U) 

32.5 
32.15 
33.25 

(U) 

38.5 

.... 

.... 

... 

.... 

' Eror nusquinongy Juvenile 
i%riiiiiiiljej 

Minimum . . . . . . . . . . . . . . . . . . .  
* "-- *." .111 

Deerlake kon (1964)M 
Ua!r!!rr: 
Onbrio, 
CIMda 

Maple, On. Scon (1964)w 
brio, Canada 

'I 
I 
I 
I 

-0.9941 34.5 33.0 ......... 
-0,9995 35.0 33.0 ......... 
-0.9951 35.5 33.5 ......... 

Eror hybrid Juvsnile 
(ludusr masqui. 
n o w )  

5.0 t m  
minimum 

25.0 
21.5 
30.0 

18.6533 -0.4926 4 
20.1831 -0.5460 5 
19.6126 -0.5032 5 

Fundulus chryso. Adun 
Ius holden top- 
minnow 

Fundulus diapha. Adult 
nus (banded 
kiliiflsh) 

Jsnrrson Strawn L Dunn 
County. (1967)99 
T a u s  

35 
35 
xi 

I5  
I 5  
I 5  

23.1281 -0.5213 9 
21.2515 -0.4601 1 
21.8635 -0.4159 8 

-0.9968 43.0 39.0 ......... 
-0.9969 43.5 40.0 . . . . . . . . .  
-0.9905 43.5 40.0 ......... 

.......................... 

. . . . . . . . . . . . . . . . . . . . . . . . . .  

.......................... 

............................... 

21.1 
33.5 
21.5 

........... Halilar Co. 6arPde and 
and AnMpO- Jordan 
lis Co.. Nova ( 1 9 W  
Scotia 

County. Dunn 
Texas (1961)99 

................................... Jeffcrson Stnwn L 

..................... 

..................... 

..................... 

fundulus mnd is  Mull 
(pH killifish) 

35 ( o w  ~ 2 . ~ 8 0 9  -0.5119 8 -0.9182 42.0 311.5 .................. 

xi ( m v o 0 )  n.4251 -0.5169 a -0.9910 43.0 39.5 . . . . . . . . . . . . . . . . . .  

I 5  (Oo/m)j ............................................... 28.0 
I5 ( 1 4 ~ j o o )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34.0 
IS (320/00) ............................................... 31.5 

35 ( 5 ' h )  21.6441 -0.6220 1 4 . 9 9 6 1  42.5 39.5 . . . . . . . . . . . . . . . . . .  
35 (IOO/m) 24.9012 -0.5535 9 -0.9926 43.0 39.0 . . . . . . . . . . . . . . . . . .  

Fundulus h e l m  Mull 
clitus (mummic. 
hoi) 

..................... Htlilar Co. 6anida and 
and AnNpO. Jordan 

*alia 
US CO., NOVI (1968)" 

It is assumed in lhis bbls tint Uls atdimtion bmpsnlura reported i s  a true acclimation in the contsrt of Bren 

b Numbs1 01 medun rtmsbnts times used lor akuBti@ r@gadon cqution. 
e Cmabtion wclfidcnl ( p ~ l ~ l  P l  01 a11 drb points to Ula r q m t i o n  [ins= 1.0). 
d = lnupicnl lalhal Ismparalure 01 Fq. el 11, (l946).u 

tpa imenb l  fish wefa lu(cbsd lrorn ws Dbbined lrom 8dUb lrorn lhis loation. 

(1952)." 
I Erprimcnbl flsh were rwred lrom e i i s  taken from adults lrom this location. 
0 Thcu, times i l ler  holding aI 8 C lor > I  mo. 
A M i m a l e d  and tnted a1 IO o/uo salinity. 

r a t e d  in thrsr ulinilies. 
i Tasted at 3 levels ot olinily. 
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THERMAL TABLEhContinued 

Fundulus par. Adult 
ripinnis (Cali- 
lornia killifish) 
(Issled in reawlla 
arcopl as noled) 

Fundulus pul- Adull 
vureus (bayou 
killifish) 

Fundulus similis Adull 
(longnow killi. 
fish) 

Gambusiaimmh lldd 
rninir (mnrquiln. 

flsh) 

Gambusia allinis Adult 
(mosquiloflsh) 
(Iramwala) 

Gambusia allinis Adult 
(mosquilonsh) 
(nltwalcr) 

Gambusia aMnis AduH 
holbrmki 
(mosquiloflsh) 

Garmannia Adult 
rhiquila (goby) 

Gastmoltous acu- Adult 
lealus (Ihrts. 
spins sliikle. 
back) 

Girelb nigrians Jwanilo 
(PDalSS) 

fclalurus 
(Amicurus) neb- 
ulosus (brown 
bullhead) 

5-1 cm 

................................ Jsnrrrcn Slnwnand 
Counly. Ounn 
TEMS (196p 

................................... Jellarson Slrawnand 
Counly. Ounn 

'Toras (1961)99 

........................ Mired Knorvillo. Hart(1952)w 
7%" 

................................... JsIIenonCr. S h w n  6 
Teus Ounn 

( i g s w  

................................... Jsftrson Cr, Slrawn and 

(1967)" 
Tsus Ounn 

..................... Mired Webb. H a r t ( 1 9 U ) ~ ~  
Florida 

................................... Northern Gulf Huaul(1961)s~ 

IJmm avo 0.50 

7 . 1 4 . 0 c m  .... 

d California 
CWSI 

am Mirud Columbia Ebhmtnd 
R i m  mr Parunto 
Prenon. (1970)lui un. 
Orugon published 

data 

..... Mired b J o L .  Cali- Oouduofl 
lornia (IPN) (1942)" 

................................... Florida Io On- Hart (195W 
lado (4 IO- 
rations) cam- 
bined 

Upper 

Lorrcr 

14 ......... n.noi-o.wrJ 4 -O.WM.O 12.0 ......... 12.3 
m ......... M . G ~  -wn 11 -0.9n.s n.o 14.0 ......... 34.4 
20 ......... 24.54?1-0.51Wl 1 - 0 . W 4 0 . 0  36.0 ......... 36.5 
14 ......... 2.1900 1.0151 3 0.3449 1.6 0.4 ......... 1.2 
20 ......... 2.1301 0.2169 6 0.9459 7.0 2.0 ......... 5.6 
20 ........ 2.5635 0.3481 4 0.0291 4.0 2.0 ......... 3.6 

( i n l o W o  2.6552 0.4014 0 0.134 4.0 2.0 ......... 3.0 
W W a I U  1 day bOlM0 

testing) 

u 
35 
35 
35 

35 
3s 
u 
35 

25 
?? 
35 

35 
35 
35 
35 

35 
35 
35 
35 

15 

UI 
15 
15 
2D 
35 

32 

m 

19 

12 
20 
20 
12 
20 
20 

5 
I O  

-4s 
m 
25 
1 
14 
20 
25 
UI 

26 
30 
34 

(Oo/op) 28.1410 -0.6w4 0 -0.9141 43.0 33.0 ......... 30.5 
(50/00) 29.3114 -0.6514 J -0.Snl 43.5 40.0 .................. 

(100/00) 25.0090 -0.5411 .5 -0.9356 43.5 41.5 .................. 
(20 Q/w) a m 2  -0.6745 0 -0.9849 43.5 60.0 ................... 

(Oo/wP n.9405 -0.5113 6 -0.9D92 41.0 60.5 .................. 
(50/00) 25.6165 -0.5590 6 -0.99BO 43.5 41.0 .................. 

(100/00) 26.4615 -0.563 6 -0.9925 43.5 41.0 .................. 
(2Oo/w) 26.5612 -0.5813 6 -0.9953 43.0 40.5 .................. 
......... 33.0004 -0.3111 2 . . . . . .  19 38 ......... 31.0 
......... '" _-. 'I" .--. E?!:: 5 c.2:: :: ::.: ......... .,." 
......... n.nio-o.xm, 6 - o . s i a 4 1 . 5  19 ......... n.o(u) 
( o ~ / ~ ~  2 2 . ~ 3 4  -oms 5 -0.9600 42.0 40.0 .................. 
(so/w) n.133 -0.5214 5 -0.98~5 42.5 (0.5 ......... 

( I O Q / ~ ~ )  21.4977 - 0 . ~ 0 4  o -0.902 12.5 40.0 ......... 
(m 0 1 ~ ~ )  22.134 -0.500i 6 - o m  42.5 40.0 ................ 

(OO/ooP 11.6144 -0.3909 5 -0.9822 42.5 40.5 .................. 
(50/0$ 18.9339 -0.4182 5 -0.93% 42.5 40.5 .................. 

( I O O / ~ )  n.oiu -0.516s i -0.9982 12.5 39.5 .................. 
(200/00) 22.963 -0.5124 6 -0.945i 42.5 40.0 .................. 
......... 32.4692 -o.ami 1 -o .gan n 16 ......... 15.5 
......... 1.3159 -0.9613 3 -O.?M3 18.5 31.5 ......... 31.0 
......... 31.4312 -0.1411 5 -0.9935 40 38 ......... 31.0 
......... 28.1212-0.6564 5 -0.990340 38.5 ......... Il.O(n) 
........................................................ 1.5 
........................................................ 5.5 
........................................................ 14.5 

......... 21.7119 -9.5166 3 -0.9902 11.0 36.0 .................... 

... 

......... 19.3491 -9.W 3 -0.9998 32 26 ......... 25.0 

......... 21.12n-0.6339 6 -0.933031.0 21.0 ......... 28.1 

......... 19.2MI-O.yII 1 -0.99u)u.o 31.0 ......... 11.4 

......... 24.1213 -0.6144 4 -0.9822 33.0 31.0 ......... 31.4 

......... 1.481 0.41186 0 0.9S.S 5.0 1.0 ......... 5.5 

......... -1.3818 0.6248 6 0.9895 8.0 5.0 ......... 0.5 

......... -o.im 0.2614 6 o . 9 i m i i . o  6.0 ......... 13.5 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

14.6BOz -0.4539 
16.4rn -0.4a42 
28.3281 -0.8239 

22.4970 -0.5732 
24.2203 -0.5911 
19.3194 -0.w 

n . w  - 0 . m  

................ 

................ 

................ 

4 
IO 
3 

11 
12 
19 
5 

..... 

..... 

..... 

-0 .37ln29.5 20.0 ......... 
-0.3526 31.5 29.5 ......... 
-0.9801 33.0 n.5 ......... 
- 0 . 3 1 1 2 3 5 . 0  32.5 ......... 
-0.9194 37.0 34.0 ......... 
-0.wfB.5 35.5 ......... 
-0 .991231.6 36.0 ......... 
.......................... 
.......................... 
.......................... 

n. o 
29.0 

.31.0 
32.5 
33.0 
34.0 
34.0 
0.5 
4.0 
6.0 

......... 34.1119-O.W16 13 -0 .913339.0 36.6 ......... 36.6 

......... 32.1lS-0.1811 ll -0.951040.6 37.4 ......... 31.0 

......... 26.4204-0.6149 20 -0.963042.0 30.0 ......... 30.0 



-- 
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THERMAL TABLES-Continued 

Lccfmation WUl lag tims=a+b(bmp.) Data rimits Species Stage/age Length Weight S a x  Leution Rduencs EIimme r c )  L O 9  Unddbr 

Temp* l i m e  a b N* rc ~ 

lower 

Mlurus puncta. Juvenile 
tus(channe1 (11.5 mo) 
catfish) 

Icblurus puncta. Adull 
Ius (I. lacustris) 
(cltlnnelutfish) 

Lapomis maso. Adult 
chirus purpures. 
cenr (bluegill) 

Lepomis macro. Adull 

. Lepomis megalotis Juvenile 

chirus (bluegill) 

(Inngear sunfish) 

Lepomis rym. Adult 
melricus (ban- 
tam sunfish) 

Lucania p rva  Adult 
(rainwater kil l i- 
fish) 

Menidia menidia ......... 
(common silrer- 
side) 

.............................. Joe Hogan Allen 8 
State Fish Sbawn 

Lonoke. 
Arkansas 

. Hatchn).. (19E4')" 

...................... Mired Welaka. Fla. H a r t ( l ~ 2 ) n n  
and Pubin. 
Bay, Ohio 

........................ Mired Welaka, Hart(1952)88 
Florida 

Mixed :lake Mendota. Hart(I952P8 
Wisconsin 

............ > I 2  mm Mired Middle Fork. Neill, SlraWn 8 
White River, OUnn 
Arkansas (1966)'s 

.......... Jellerron Co., Strawn 8 
Texas Dunn 

(1967)** 

........... Jenerson Co.. Slrawn and 
Texas Dunn 

(1967)" 

8.3-9.2cm 4.95.2gm Mixed New Jersey Hon 8 West. 
(average (average (4O'N) man (1966)'p 
for test for test 
VOUPS) VOUPS) 

Microptefus sal- 9-11 mo. ale ............................ 
moides flori. 
danuc (brge. 
mouth bass) 

Welaka, Hart (1952)88 
Florida 

................................................ Microplerus sal. Put.in-Bay. Hart (I952P8 
Ohio moides ( Ia rw  

m u l h  bars) 

I c r @ e r u $ ~ I .  ................................................ 
moides (large- 
moulh bass) 

lake  Men- Hart(1952)31 
dota. Wir- 
w n u n  

I 

Mixed Trout lake. .Smilh (1970)" 
Cook 

3 Corn$, 
Minnesota 

a It is asrumad i n  this table bat IM talimation tempecaturs reported is a true aalimation i n  L e  conlef 01 BreH 

b Number 01 median resistance times used lor calculating rqrcsdon equation. 
(1952)." 

25 
30 
35 

15 
M 
25 
15 
M 
25 

15 
20 
25 
30 
15 
M 
25 
30 

20-23 
30 

25 
30 
35 

35 
35 
35 

35 
35 
35 
35 

1 
14 
21 
28 
7 

14 
4 i  
28 

20 
25 
30 
20 
25 
30 

20 
25 
30 
20 
30 

30 
35 

12 
30 

........ 34.5554 0.151 5 -0.9746 31.5 35.5 ......... 35.5 

........ 17.1125--0.409 4 -0.993440.0 31.5 ......... 31.0 

........ 2 a . m - 0 . 6 5 5 1  4 - 0 . 9 9 0 6 4 1 . 0  u.0 ......... o 

........ 34.1829 -1.0611 3 -0.9999 31.5 30.5 ......... 30.4 

........ 39.4967 -1.1234 4 - 0 . 9 9 ~  34.0 33.0 ......... 32.) 

........ 46.2155 -1.2899 5 -0.9925 35.0 34.0 ......... 33.5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0 

......... 25.2108 -0.1318 5 -0.9946 33.0 31.0 ......... 

......... m.om -0.ia26 5 -o.sia 34.5 32.5 

......... 23.8733 -0.6320 IO -0.9750 36.0 33.0 

......... 2 5 . m  -0.6yli 5 - 0 . ~ 6 5  18 34.5 

......... 

......... 

......... 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

30.5 
32.0 
33.0 
U.8 
2.5 
5.0 
7.5 

11.0 

. . . . . . . . . . . . . . . . .  ......... 0.6247 -1.0581 4 - o . a w  35.5 34.0 
......... 30.tW9 -0.7657 4 -0.9401 38.0 36.0 

......... 35.4953 -0.9331 14 -0.9827 36.9 35.4 . . . . . . . .  35.6 

......... 20.5981 -0.4978 22 -0.9625 39.0 36.5 ......... 36.8 

......... 30.1245 -9.7257 43 -0.9664 41.5 37.3 37 5 

( 0 0 / ~ ~ y  m.74a7 - o . m  i -0.9741 42.0 39.0 . . . . . . . . . . . . . . . . .  
(5O/oo) 23.5649 -0.5354 6 -0.9975 42.0 39.0 . . . . . . . . . . . . . . . . .  

(200/00) 10.U21 -0.2243 5 -0.9813 41.5 39.5 . . . . . . . . . . . . . . . .  

(0 o/& 21.2616 -0.4762 9 -0.9844 42.5 38.5 . . . . . . . . . . . . . . . . . .  
(5 o/Eo) 24.3076 -0.5460 a - 0 . w 6  42.5 39.0 . . . . . . . . . . . . . . . . .  

(IOo./oo) 24.3118 -0.5461 8 -0.9904 42.5 39.0 . . . . . . . . . . . . . . . . .  
(20 o/oo) 21.1302 -0.4691 1 -0,9940 42.5 39.5 . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  

......... 

......... 19.8801 -0.1391 

. . . . . . . .  ia.1499 - 0 . 6 ~ 1  

. . . . . . . . .  65.7350 -2.0381 

......... 31.6032 -1.0582 

......... -8.8144 8.9079 

......... -1.2884 2.5597 

......... -8.2366 1.35116 

. ."". . .,a. ......... --I..w, I.I.0. 

-0.939a 24.0 M ......... 
-0.9616 21.0 23.0 ......... 
-0,9626 32.0 28.0 . . . . . . . .  
-0.6872 31.0 30 ......... 

0.8274 2 1 ......... 
0.8594 5 1 ......... 
?.$5?! I ? ......... 
o.gaio 15 7 ......... 

22.0 
25.0 
30.4 
32.5 

1.5 
2.0 
1 2  

11.7 

......... ......... 35.5107 -1.0112 5 -0.9787 34 32 32 
......... 19.9918-0.5123 8 - 0 . 9 9 1 2 3 6 . 5  33 33 
......... 17.5645 -0.4200 8 -0,9920 38 34.5 ......... U . l ( U )  

......... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5.2 
1 . 0  

10.5 

. . . . . . . . .  50.11091 - 1 . 4 a a  2 ........ 34 33 ......... 32.5 

......... 26.3169 -0.6846 3 -0.9973 36.5 35 ......... 34.5 

......... zs.0213 -0.7150 4 - o . m  311.5 37 ......... 3 6 . 4 ( ~ )  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11.a 

......... 56.0620 -0.9055 4 -0.9788 38.5 37 ......... 36.4 

......... 23.9185 -0.5632 6 -0.9958 40 31.5 ......... 3 6 . 4 ( ~ )  

......... 34.3649 -0.9789 4 -0.91f l .U. I  32.0 ......... 31.5 

......... 15.2777 - 0 . 9 0 ~  4 -O.BUS 37.5 35.5 .................. 

7.5C > I w k  6.1302.-O.lnO . 3  0.9245 26 16 ......... 16 

Correlation coMident (prfect R I  of a11 data points Io the rqrasdon line- 18). 
d=lndpient lethal tsmperature 01 Fry. et al.. (1946)Y 

Salinity. 
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THtiKMA L TABLES- Continued 

AaIiMt ion Iq timn=a+b (lump) Dab Emitr Levral 

Temp Time a b Nb r* ~ CC) 
$palm SbgO/aD length Weigh! Sei Lartion Releromo F.&omo '?C) LOB lhraholdr 

upper lowor 

Neomydr awl. Adun >7 mm ......._._.. Misod 
ahonsis (ow 
rum shrimp) 

Nolemigonus Adun 
cqroleucas 
(golden shina) 

............ ............ ....... 

Notropis alheri- Juvenilo , , , , . , . . . . . . C-1.9 &mods Mired 
noides (emerald (< ly r )  
rhinar! 

Notropir cornulus Adull 
(common shiner) 

............ ............ ....... 

Notropis cornulus AduR ._ .  ._ .  . . . . .. 4.C-5.9 g Mired 
(common (mostty 2 yr) (mode) 
slunor) 

Notropis cornulut Adull ............ ............ ....... 
(common shiner) 

gofbuv~ (pink mler fq cm 
salmon) (3.8 ma) 

Oncorhynrhus Juvenile fresh- 3.8I*O.29 0.30*0.l% Mired 

Ontorhynchus Juvenile fresh. 5.44*0.@ 1.62fl.03g Mixed 
keb(chum walerlq cm 
salmon) (4.9 ma.) 

Swamenlo- Hair (1971)- 
San Jwquin 
dsla. CaU- 
lornia 

. CompositDP Hart(1952)Y 
01 1. Webb. 
Fla. 2. Pul- 
in-Bay. Ohio 
3. Algonquin 
Park. On. 
brio 

Toronlo. On- Hart (1952)18 
br io  

Oon River. Harl(1941)S~ 
Thornhill. 

Onbrio 

. Knosviile. Hai l  (1952)" 

Dungeness. Bran (1952):l 

Tenn. 

Wash. 
(hatthew) 

Big Creek Bbhm and 
Halrhuy. Parenle 
Hwdsprt. (1910)101 
Wash* unpublished 

dab 

Oncorhynchus Juvenile . . . . . . ._..__ __........._ ._ ._  
keb (chum 
salmon) 

... 

0 II is rrsomed in  lhis bble Ihal the aalimation lompmture reported is a me aalimation i n  Ihe contest 01 Bran 

* Number 01 median resisbnw times used lor calculating r e g m i o n  qwtion 

d=lncipianl etlhal lemperalurs 01 Fq. el 11. (19W.W 
All lempralures estimaled from I lnph 

(1352).,' 

Correlation ccefcient (pUfKt 61 01 all dab points Io the rwenion line=ln). 

10.1. 
11.0 
15.1 
18.3 
19.0 
19.0 
21.7 
22.0 
n. 4 

10 
1s 
m 
25 
30 
I5 
20 
25 
30 

5 
10 

m 
15 
I 5  
m 
25 

IO 
I5 
20 
25(win. 

ter) 
25 
30 

5 
10 
15 
20 
25 
20 
25 

25 
30 

5 
10 
15 
20 
24 

5 
10 
I5 
m 
23 
5 

IO 
I 5  

23 

9 

13 

m 

... ........ 
......... ........ ........ 

.... 
......... ........ ........ 
_ . .__ . .__  8.4694 -0.2150 
. . . . . . . . . 

......... ........ .... 

......... ........ ........ 

_........ 42.1035 -1.3507 
......... 30.2861 -0.8931 
......... 31.0215 -0.8122 
......... 34.m5 -0.9m 
_........ m m  -0.6615 

...... 
.. . 

...... ........ ........ 

_......._ rn.9532 -0.19~9 

___.. . . . .  w . 4 a a  -1.~41 
.._...,._ 36.5023 -1.2136 

..._...._ 31.4114 -0.9858 
___.. . . ._ 26.1096 -0.1331 

. . . . . . . 

......... ........ ........ 

........_ 45.4331 --1.3973 
_......._ 34.5324 -1.0116 
..._..... 24.06tO -0.6818 

..... 

..... 

..... 

..... 

..... 
2 

..... 

..... 

..... 

. . . . . . . . . . . . 

........ .... 

........ .... 

........ .... 

........ .... 

........ .._. 

........ .... 

. . . . . . . . . . . , 

........ .... 

..... 73 (48) .....,.... 

..... 12.5(48) .......... 

.. . . . 13.8(48) ..... . . ._. 

..... 18.I(rs) .......... 

. .. . . 74.0(48) __.__._.. , 

. . . . . . . . . . . . . . 24.2-25.U 

..... 77.0(48) ....___... 

..... 77.x48) .......... 

..... 16.0(48) .......... 
I -0 .999810.5 29.5 _...._._. 29.5 
4 -0 .964432.5 31.0 ......... 30.5 

I5 -0.9869 34.5 32.0 .....,,.. 32.0 

IO -0.994037.5 35 ...._.._. 34.5 
............................... 1.5 
..... ........ .... ..... ......... 4.0 
..... ........ .... ..... ......... 7.0 
..... ........ .... ..... ......... 11.2 

9 -O.SWYJ.O u . . . . _ _ _ _ _  n.5 

I -0.9519 24.5 23.6 ......_._ 
2 ..... ... 21.5 21.0 ...... ... 
I -0.940330.5 29.5 ........_ 
3 -0.9805 32.5 31.5 .......,. 
6 -0.9153 34.0 31.5 .._._.... 

..... ........ .... ..... ......_.. 

..... ........ .... ..,.. . . . . .____ 

..... ........ .... ..... ........_ 

23.3 
26.1 
28.9 
30.7 
30.1 

1.6 
5.2 
8.0 

1 ........ 29.0 29.0 ......... 29.0 
2 ........ 31.5 31.0 ......... 30.5 
4 -0.9560 13.0 31.5 ......... 31.0 
5 -0 .591534.0 32.0 _ _ _ _ _ _ _ _ .  31.0 

_.. . .__._ 28.5053 -0.1~41 a -0.3913 35.5 32.0 .....,... 31.0 
_......._ 28.1261-0.1316 6 -0.994636.5 34.0 ......... 31.O(u) 

......_. . . . ._ .  . _  . _ _ _ .  . . ._..  .. .... .... . ......__. 26.1 
40.1138-1.3522 3 -0.912930.0 29.0 ........_ 28.6 

.,.....__ 45.0912-1.1874 3 -0.999932.0 31.0 ......._ El.? 

........_ 24.9620 -0.68J8 S -0.9915 34.0 32.0 ..._..... 31.0 

......... ........ ........ ..... ........ .... ..... ......... 3.7 

........................................................ 1.8 

,_.....,. 25.5151-0.6194 6 -0.991835.5 33.0 .____. ._ .  33.0 
......_. . 24.9660 -0.6291 IO -0.9918 38.0 34.5 ......... 33.5(11) 

_ . _ _ _ _ . . _  11.1827 -0.4215 4 -0.9511 24.0 22.0 .....__.. 21.3f0.3 

......... 34.5324-i.o116 4 -0.9560 u.o 31.5 ._._.. , . .  31.0 

._._...._ ii.90~1 -0.380 8 - 0 . w  26.5 23.0 ......._. n . ~ * o . 3  

._...._.. 12.a937 -0.ai4 8 -0.9a84 27.0 23.5 ........_ z3.1*0.3 

. . . . . . .__ 16.2444 -0.1074 1 -0.9681 27.5 24.0 .,...,... 23.9f0.6 

... 14.7111 -0.4459 6 -0.9690 21.5 24.5 ...,..._. 23.9 

._....... i4.3a29 - O . S J M  4 

. . . .____.  14.1113 -0.4166 9 

......... 15.8311 -0.5252 a 
_ _ . . _ _ _ . _  16.1894 -0.5166 9 
. _ . _ _ . _ _ .  15.3825 -0.4121 4 
......... .,,..... .,...... ..... 
......... ........ ........ ..... 
......... ........ ....,... ..... 
......... ........ ........ ..... 
......... ........ ........ ..... 

-0.9839 24.0 22.0 ......... 21.8 
-0.8wm.s 22.5 ......... 22.6 
-0.9010 27.0 n.o _ _ _ . . _ _ _ .  ~ 3 . i f o . 4  

-0.902 21.0 24.0 ..__...._ n.ho.4 
-0.9150 21.5 23.5 ......... 23.1 

........ .... ..... ......... ......,.. 

........ I ..... ......... 0.5 

........ 5 ..... ......... 4.1 

........ 7 .............. 6.5 
_..._.._ a ...._ ...._.,.. 7.3 

iya{ 16.9245 -0.5995 6 -0.9921 29 17 ....._... n.o 
5070 15.9212 -0.5515 4 -0.9912 29 I7 _.. ._. .__ 23.2 
Wo l6.876l -0.584 4 -0.95% 29 I1 nc 

I FM msimum 01 48 hr eiponrt The lower lempualure is u m f x l e d  lor hear). mctIblily of control animals 11 

D The author concluded UUI there were no geqraphi t  dilleremsr The Welaka. Florida subspaies was N r  bodi, 

A Tested i n  Columbia River Water a1 P i e s o n  Oregon 
i MctIblily Valun 

'4alimation"lamperalures above aboul21.6 

the olhers N.L auratus. based on morpholw. 
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c 

'I 

OmDIhynchus Juvenile lrsrh. 4.78f0.6 1.37f0.62g Mixed Nils Creek. Brett (1952)" Upper 5 
Kisutch (coho nler Ir) em RC. IO 
salmon) (5.2 mo.) (hatcher)) 15 

m 
23 

Lower 5 
10 
15 
m 
23 

I 
0 

I 

I 
a- 
? 

......... . 24.0 n.o ......... z z . s o . 3  

......... 19.5721 -0.6820 4 7 26.0 24.5 ......... n . 7  

......... 20.4065 -0.6858 6 -0.SMI 21.0 24.5 ......... 24.3fO.3 

......... 10.4022 -0.6713 4 -0.9985 27.5 25.5 ......... 25.Oj4.2 

......... 11.9736-0.6013 5 6 21.5 25.0 ......... 25.Of0.2 

.............................. . . . . . . . . . . . . . . . . . . .  0.2 
1 1.7 

...................................... 3 .............. 3.5 

...................................... 5 .............. 4.5 

....................................... 7 1.0 6.4 

21.3'350 -0.7970 2 

...................................... .............. 

......... 

Oncorhynchus Juvenile ................................... KI~M Falls. Bhhm L Upper IO (IV~), 15.4616 -0.5522 6 -0.8533 29 1.7 ......... 23.2  

unpublished 140 (l07J 8.5301-0.2963 10 -0.906129 14.0 ......... 14.0 
data (Wo) 1.5195-0.2433 10 -0.84S329 0.14 ......... 11.0 

(We) ............................................... 22.0 

Oncorhynchus Adult a 570 mm a 2500 ave. Mixed Columbia Couflnl Upper l7d ......... 1.9068 -0.1630 5 -0.9767 30 26 ......... ? 

kisutch (coho Wash. McConnell (ma) 18.4136 -0.6410 6 -0.9705 29 17.0 ......... 23.5 
salmon) (hatchery). (1970)lm (Sop,) 15.9026-0.5423 4 -0.97!029 17.0 ......... 25.1 

kisutch (coho ave. River at (1970)" 
salmon) Priest Rap 

ids Dam 

Oncorhynchus 
nerka (sockeye 
salmon) 

Juvenile Iresh. 4.49fO.M 0.8lfO.45g Mired Issaquah. Brett (1952P Upper 5 

(4.7 mo) (hatchery) 15 
20 
23 

Lower 5 
IO 
15 
20 
23 

water Iry cm Wash. 10 
17.787 -0.6623 4 -0.93113 24.0 22.5 ......... Zl.2f0.3 
14.7319 -0.4988 8 --t.9833 26.5 23.5 ......... 23.4fO.3 

......... 15.8799 -0.5210 7 -0.9126 27.5 24.5 ......... 24.4f0.3 

......... 19.31121 -0.6318 5 -0.9602 27.5 24.5 ......... 24.Uf0.3 

...................................... 0 0 ......... 0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 0 ......... 3.1 

... ..................... 5 0 4.1 

...................................... 5 0 ......... 4.7 

...................................... 1 1.0 ......... 6.7 

20.0020 -0.6436 4 -C.9981 26.5 24.5 ......... 24.8fO.3 

......... 

Ontorhynchus Juvenile 67 mmave. ............ Mixed National Fish McConnell k Upper 10 1072 18.4111 -0.64511 6 -0.9671 29 I1 ......... 21.5 
nerka (rakuye (under Halcheryi Blahm %$& 18.5833 -0.6437 6 -0.9750 29 I7 ......... 22.5 

worth. unpublished 20 lvo 17.5227 -0.5861 6 -0.9739 29 21 ......... 23.5 
Wash. data 5& 16.7328 -0.5473 6 -0.9552 29 21 ......... 23.5 

salmon) yurling) Leaven- (1970)'OJ Soyo 20.6289 -0.1166 6 -0.9553 29 I1  ......... 23.0 

%& 15.71123 -0.5061 6 -0.8539 29 21 ......... 23.5 

Oncorhynchus 
nerka (rocmeye 
salmon) 

Oncorhynchus 
trhwy1rtB 
(Chinook 
ralmon) 

Juvenile 1OC-105 mm ............ 

g r w s  
beariingj mu i o i  i e j i  

Mired National Fish McConnell L Uppel IO 1°C (l&)J 
!!?!!!!!!y a!?!!!?! oer day rise 
Leaven. (1970)'OJ lo act1 lamp 
worth. unpublished ( W e )  
Wash.' data (W') 

12" (107,) 
(50%) 
(Sopa 

15.5" (10%) 
(m) 
(9670) 

11" (10%) 
(50%) 
( W C )  

6.4771 -0.2118 4 -0.987 32 I4  

9.04311 -0.2922 
8.0628 -0.2859 

13.2412 -0.U75 
18.1322 -0.6178 
17.5427 -0.5900 
12.1163 -0.4044 
13.6666 -0.4432 
12.7165 -0.4051 
17.4210 -0.6114 
11.202 -0.58115 
17.2393 -0.5169 

4 
4 
4 
4 
4 
5 
5 
4 
5 
4 
4 

-0.9392 32 I 4  
-0.9534 32 I4 
-0.9955 29 11 
-0.9598 29 17 
-0.9533 29 11 
-0.3443 32 I7  
-0.9720 32 17 
-0.9748 32 17 
-0.9549 29 M 
-0.9450 29 20 
- 0 . 4 1 ~  29 m 

Juvenile Iresh- 4.Uf0.40 1.03fO.Zlg Mixed Ounganess. Bretl(1952);~ Umr 5 
mler f ry  em Wash. IO 
(3.6 mo.) (hatchery) 15 

m 
24 

Lower 10 
15 
20 
23 

......... 9.3155 -0.3107 6 -0.9847 25.0 22.5 

......... 16.4595 -0.5515 5 -0.9% 26.5 24.5 

......... 16.4454--0.5364 4 -0.990621.0 ZS.5 

......... 22.9065-0.7511 7 -0.9115027.5 25.0 

......... 111.3940 -0.5992 9 -0.9923 27.5 25.0 

...................................... 1.0 0 

...................................... 3.0 0.5 

...................................... 5.0 0.5 

...................................... 8.0 1.0 

......... 23.5 

.................. 

.................. 

......... 23.5 

.................. 

.................. 

......... 21.5 

.................. 

.................. 

......... 23.5 

.................. 

......... 21.5 

......... 24.3f0.1 

......... 8.0f0.1 

......... 25.lf0.1 

......... 8. l fO. l  

......... 0.11 

......... 2.5 

......... 4.5 

......... 7.4 

a It is  assumed in this bble that the adinution tempcralure repwiedisa bua acclimation in the conterlol Brell 

b Number 01 median reusbnw times used lor calculating regression equation. 

d=lndpienl Ialhal Imperalure 01 Fry, et 11, (ISrS)." 
10 C-acclimated flsh came directly lrom the hatchery. 

/Dab were presented allowing cakubtion o l  10% and Wo mortality. 

o I4 C-ad imat rd  Rsh were colMed lrom the Columbia R!rrr 4-6 wkr IolWng IaIWSO from the hakhery 
(and may have Included a few fish lrom other uprtraam wums). River n l e r  ws tupcrolunlad with Nitrqen. 
and 1 4 4  Rsh showed uins 01 gas.bubble disease during testr 

(1952)." 

Correbtton coellicient (perled Ill 01 all dab points 10 the regression line= 1.0). A River tamp. during la11 migration. 
i T a d d  in Columbia River nler at Prercott. Orqon. 
i Fw cant mortalitier 
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Oncorhymhus JUWailo 
bhI@Kha 
(chinwh 
salmon) 

W l 2 4  mm ......... 
avoraps 
IW nriws 
tort goup 

Mirod 

Mirod 

Mired 

Misod 

Malm 

Mirod 

Mirod 

Columbia Snyder L 
River at Bhhm 
PIOSCOIL (1970)1= 
Orqon unpublishad 

dab 

101 

IOU 

12 
13 

IF9 

I I  

20 

4 

I I  

20 

17' 
19' 

19 

5 
I t  
15. 
25 
25 

16.8109 -0.5787 
18.9770 -0.821 
17.0270 -0.W 
15.7101 -0.m 
15.150 -0.5312 
15.2525 -0.5130 
18.2574 -0.6149 
12.4058 -0.3974 
10.1410 -0.3218 
12.7368 -0.40M 
13.3175 -0.4240 
11.5122 -0.3745 
14.2456 -0.4434 

3 -0.9998 29 25 

3 -0.9997 29 25 
8 -0.9255 29 20 
8' -0.9419 29 20 
8 -0.9160 29. 20 
9 -0.9821 29 23 
6 -0.9608 32 I7 
7 -0.9496 32 17 
6 -0.9753 32 I7 

12 -0.9413 30 20 

5 - 0 . ~ 1 8  29 n 

11 -0.9550 so m 
IO - o . m  30 m 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

24.5 
22.9 
24.5 

20.5 

M . 5  

19.5 

20.5 
20.0 

n . 5  

23.5 

20.0 

n.o 

23.5 

n.o 
23.5. 
n.8 

U .  1.. Y 

24.7 
24.8 

20 
13.5 
7 

... 

Oncorhynrhus Jurenib 
IShIwuha 
(Chinook salmon 
spring run) 

84 mm am 6.3: ava Little Whits Bhhm L 
Salmon, McConnoll 
River (1970)1m 
Halchofy. unpublished 
Cook dab 
Washington 

12.3696 -0.4691 
14.6268 -0.5066 
19.2211 -0.6679 

4 -0.9504 29 I7 
4 -0.9843 29 I7 
4 -0.9295 29 I7 

77.66fil  -?.ll!l 

21.3981 -0.1253 
20.9294 -0.7024. 

13.5019 -0.4874 
8.9126 -0.3198 

10.6491 -0.1771 

4 -?.?!!I ?? ?! 
3 -0.9579 29 21 
3 -0.w 29 21 

4 -0.9845 29 0 
6 -0.9618 29 8 
6 -0.9997 29 8 

Omrhynchus Juvonilo 
IShaWJiUha 
(chinook salmon) 

UI m a  am Eus from Snyder b 
Seattle. Blahm 

raisod from unpublished 
yoIk4ao. dab 
slags in 
Columbia 
R inr  water 

Oregon 

Wash. (1970)Iu 

PISKO& 

Litlls white Blahm L 
Salmon McConnell 
Riverhatch. (1970)lW 
try. Cook. unpublishad 
Washington dab 

OncGfhynchus Juvonile 
trb@Kha 
(chinook salmon 
i a i i  run) 

90.6 mm am 7.8 g am 2-3 wks 
lW 18.6889 -0.6569 5 -0.9618 29 I7 ......... 23.5 
W' 20.5471 -0.7147 4 -0.9283 29 !! ......... 24.2 
9% 20.8960 -0.7231 4 -0.9241 29 I7 ......... 24.5 

lC/day risa 
lrom IOC 
IFo 21.6756 -0.7418 4 -0.9550 29 21 ......... 24.5 
5% 22.2121 -0.7526 I -0.9738 29 21 ......... 24.5 
9% 20.5162 -0.6860 3 -0.9475 29 21 ......... 24.5 

......... 11.2502 -0.4121 4 -0.8206 30 26 ......... 7 

......... 9.4683 - 0 . 2 ~ 4  4 -0.9952 26 n ......... n 
Oncerhynchus "Jacks" 

ltbaluha 1-2 )7t Old 
(Chinook 
salmon) 

Para Lvoscens Juvonilo 
(rellow perch) 

Columbia Coulanl 
River at (1970)'a 
Grand Rapids 
Dam 

Columbia Blahm and 
Rivn near Pmnto 
RercoK (1970)'oL 
Ora unpublished 

dab 

Black Cmh. Had (1947)al 
Wa Sin- 
ccm. Ontario 

fleld plus 15.3601 -0.4126 2 ........ 38 32 ......... 7 
4 da. 

Pere navelcons Adun (4 p 
(~ollowperrh) modo) 

............ 0 .e9 .9g  
amdo 

......... 7.0095-0.2214 9 -0.9~0426.5 t2.o ......... 21.3 

......... 17.5516 -0.921 2 ........ 26.5 26.0 ......... 25.0 

......... I 1 . 4 l 4 9 - 0 . 3 W l ~  5 -0.999430.5 28.5 ......... 27.7 

......... 21.2718-0.5909 6 -0.9638U.O 30.0 ......... 29.7 

....................................................... 3.7 

Polromyzon Prolama 
marinus (sa 
lamprq, Imd- 
locked) 

Uw 15and20- ......... 17.5642-0.46DI I8 - 0 . 9 W U  29 ......... 28.5 ........................ 

D Thw we10 likob sfioqirtic anects ol high N2 supersaturation in Ihew tartr 
h Exdudiq appronl lonpbrm tpondary marlalily. 
i Dab wrs'avaihble for lW0 and SOCA mortalih as vmll I 3% 
i Data ah0 available on 10% and Wo marlalily. 
~ O ~ a m ~ f o r . l D O / , a a d 9 0 7 , m o r t a l i l y a s r r o U a i 5 0 C / ,  - No diflerom was rhwn IO dah a10 lumped. 
Rivu lompntmes durint fall migrations twro dinerent jour 
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(Hjborhynchus) 1 yr) 
MblUs (blunt. 
oose minnow) 

Pimephales Adult (I yr) 
pornelas (111- 
bead minnow) 

P c e i l i  latipinna Adull 
(Sailfin moliy) 

Ponloporcia aninis Adull 

Preudopleuro. ........... 
nuter ameri- 
unus (winler 
flounder) 

Pirnephales Adull(mostJy ............ rnosttyb2t  Mired 

2.&3.9l  Mired 
mode 

.............................. 

........................ Mired 

6.b7.1 cm 3.4-4.2 Mixed 
(avenger (avenger 
101 test I01 ICSl 
uoups) 1 r o W  

Rhinichlhyr M u l l  
alnlulus 
(blacknore dace) 

Rhinichlhys Adun (?) 
alralulus (black. 
nose dace) 

-.. .... nniiusiseip i i i b i i  
alralulus (Black. 
nose dace) 

L l m o  pirdnerii Juvenile 
(Rainbow troul) 

stlmo gairdncrii VwlrVli 
(rainbow trwl) 

Stlmo pi rdncr i i  Juvenile 
( n i n b w  trout) 

........................ 

............................. 

. n 3 0 yil:? ............ & . r e . "  

(mode) 

4.5f0.4 cm ............ Mired 

.............................. 

9.4*6.0 cm ............ Mired 
and 15.5f 
1 J  cm 

..... 

..... 

..... 

..... 

Don Rinr .  lhrl(l947)al 
Thmnhm. 
Onlario 

Lake Superior Smith (1971)lM 
near TWO unpublished 
Harbors. &la 
Minn. 

New Jersey Hofl h West. 
(40"N) man (1966)vo 

Knorville. Hart (1952)" 
Tenn. 

Toronto. Hirt(1952)S~ 
Ontario 

Brilain Alabaster h 
Welcomme 
(1962)'O 

East end of Cnide. 0.L 
lake (1963)7' 
Suuerior 

London, AllbarttrL 
Enlbnd Downini 
(Halchery) (l966)8* 

0 It is ~ l w d  i n  tbh bbb ulr( hs acclimation lemprature repatrd is a Irue aalimalion i n  the m n l e l l  of Brett 

b Number of median r e u l m s  tima llud h ahlati- 1rprriM equation. 
e Corrrlrtion cocflidenl (prlecl SI of a11 dab  points Io the r m a d o n  line=l.O). 
d=lncipienl lethal tempfalure of Fry. el al., (I946).u 

(1952).1' 

5 
10 
15 

25 
15 

21 

10 

M 
20 
30 

35 
35 
35 
3s 

6 
9 

m 

m 

m 

7 
14 
21 
28 
7 

14 
21 
28 

20 
25 
28 

5 
15 
20 
25 

5 
10 
15 
20 
25 
20 
25 

181 
1L 

......... 24.6417 -0.1602 2 ........ 27.0 26.5 ......... 

......... %.a57 -1.85118 2 ........ 29.5 29.0 ......... 

......... 28.0377 -0.6337 3 -0.9974 32.0 31.0 ......... 

......... 34.3240-0.9681 4 -1.912934.0 J2.5 ......... 

......... 50.8212--1.4181 3 -0 .9u)35 .0  34.0 ......... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

......................... A. .......................... 

1 . 0  

30.6 
31.7 
33.3 
IO 
4.2 
1.5 

n.3 

......... ~ . n ~ 2 - 2 . 0 0 0 0  2 ........ a.0 29.5 ......... 8 . 2  

......... 6.9970 -0.1550 4 -0.7448 33.0 21.5 ......... 31.7 

......... 41.3696 -1.1317 5 -0.9670 36.0 U.0 ......... 33.2 

........................................................ 1.5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10.5 

( O ~ / L O ~  27.4296 -0.6279 6 -0.9902 42.5 38.5 . . . . . . . . . . . . . . . .  
(SO/w) 25.6936 -0.5753 6 -0.4835 42.5 19.0 .................. 

(IOo/w) 28.8808 -0.5535 7 - 0 . W 9  42.0 39.0 .................. 
(2Oo/w) 27.1988 -0.6146 3 -0.9791 42.5 39.5 . . . . . . . . . . . . . . . . . .  

......... 9.1790 -0.5017 2 ........ 12 10.8 ......... 10.5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10.4 ......... 
(30 da) 

......... 28.2916-1.1405 

......... 24.3020 -0.8762 

......... 49.0231 -1.6915 

......... 60.8070 -1.9610 

......................... 

......................... 

......... 2.4924 0.8165 

. . . . . . . . .  2.2145 0.2344 

4 
6 
5 
4 

..... 

..... 
3 
3 

-0.9852 24.0 m.o ......... 
-0 .950726.0 23.0 ......... 
-0.9237 29.0 26.0 ......... 
-0 .918130.0 29.0 ......... 
........ 1.0 1.0 ......... 
........ 2.0 1.0 ......... 

0.7816 6.0 1.0 ......... 
0.9970 7.0 4.0 ......... 

22.0 
23.7 
27.0 
29.1 
1.0 
1.0 

6.0 
I 4  

......... 21.2115 -0.5958 7 -0.9935 33 30 ......... 29.3 

......... 19.6151-0.5224 IO -0 .997935 30.5 ......... 29.3 

......... 21.3360 -0.5651 7 -0.9946 35.5 32.5 ......... 29.3 

...................................... ........ 27 27 27(1 hr) 

......... 19.8158 - o m  4 -0.9632 31.5 30.0 ......... 29.3 

......... 24.5749 -0.7061 7 -0.99?6 33 30.0 ......... 29.3  

. . . . . . . . .  m . w o  -0.5389 8 -0.9968 3s 32.0 ......... 29.3 

......... n . m  -2.7959 2 ........ 27.5 27.0 ......... 26.5 

......... 49.1469 -1.6021 3 -0.8521 30.5 29.5 ......... 28.8 

......... 19.6975 -0.5734 4 -0.9571 31.5 30.0 ......... 29.6 

......... 26.5952 -0.7719 8 -0.9897 33.5 29.5 ......... 29.3 

......... 23,5755-0.6629 9 -0.993734.0 30.0 ......... 29.3 .. .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.0 

......... 18.4654 -0.5801 5 -0.9787 29.6 26.3 ......... 26.5 

......... 13.5531-0.4264 5 -0.974229.1 26.3 ......... 26.5 

b i r e d  in  soft n t e r  
U p p r  m (Ierted in  soft 

n l e r )  14.6405 -0.4470 3 -0.9787 29 27 .................. 

nler) 15.0392 -0.4561 3 -0.9917 29 27 . . . . . . . . . . . . . . . . . .  
20 (tasted i n  hard 

Raised in  hard nlu 
20 (losled in rofl 

20 (tested i n  hard 
nter )  15.1473 -0.45113 3 -0.9781 29 27 .................. 

n l e r )  12.8718 -0.837 3 -0.941 29 27 .................. 

Upper 15 ......... 15.6540 -0.W 2* ...................................... 
m ......... 19.6250 -0.6z50 2 ...................................... 

0 Ll in i ly .  
I Dinolred oryfen Conc. 1.4 mg/L 

Dinofred oqlsn Conc. 3.8 mg/L 
ks kda (undu Llmo alar) about Alabaster 1967.a 
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THERMAL TABLES-Continued 

Salmo pirdnerii Adun 263 mm UlODg avo Mirod 
(anadromws) am 
(SIMIhMd 
IrOUt) 

(Atlantic salmon) VI) avo 
Salmo salar Smob (1-2 About I6  cm ............ Mired Rivor Aso, Alabaster UPW 

Devon. ( 1 9 6 7 p  
Enpland 

19 ......... 10.9917 -0.3129 7 -0.9310 29 I t  ......... 21 Columbia Coutant Urn 
R i v n  at (1910)1~ 
R i O S l  
Rapids Dam 

S.I(Rold) 43.6E67 -1.6667 2, ........ (9 (0 .................. 
n.7273 -0.90st 2 ...................................... 9.1" 

10.9" 126.50(10 -5.000 
Tested in Wo rolmter 

S.?(fleld) 44.sWl-1.6667 2 ...................................... 
Tasted in IW sea. 

Salmo salar N w b  hakhed ........................ Mired 
(Atlantic salmon) lam0 

Salmo sabr 10 dr afta ........................ Mired 
(Allantic salmon) hatclung 

Limo salar Pan(1 11) 10 cm ava ............ Mired 
(Albntic salmon) 

SaImo salar Smons(t-2 11.1&1.5 cm ............ Mired 

Satmo abr Smolts (1-2 1 4 . 6 M . 3  cm ............ Mired 

(Atlantic salmon) yrs) 

(Atlantic salmon) yrs) 

SalmO butla N w b  hakhod ........................ Mired 
(brown trout) Iry 

Sdlmotrufb 1 0 d a m f  ........................ Mired 
(Brown trout. hatchinp 
rolNn) 

Salmo trub Juvenib 10.1+0.8 up ............ Mised 
(brown Iroul. 1.4&4.6 
=Nn) cm 

SalmOlnlla SIII&(~V.) Abo~1I21 cm ............ Mired 
(brown trout am 
=Nil) 

Cullorcmlr. Bishai (1960)" Uppr 
North 

Fndand 
Shields, 

(hatchery) 

Nom 
Shields. 
Enpbnd 
(hatchefy) 

River Are. Abhasler 
Devon. ( i g s p s  
Enpbnd 

- _____ 

Cullercmts. Bishai (19W)Ia 

River North Abbaster 
Elk. Scotland (1961)an 

River Sown lwbarta 
GlouceSIU. (1961)41 
E2gk:i 

Cullercmts. Bisbi (19Wp' 
North 
Shields, , 

Enpbnd 
(hatchery) 

Cullercmts, Bistiai (iggl)73 

North 
Shields. 

. Enplrnd 
(hatchar)) 

London. Alabaster h 
England Downinp 
(hatcher)) (1966)" 

R i m  Ira lllrbartcr 
DWM. (1WI 
England 

S a h e b ~ S  (onti- JOwm'b .................................. 
nalis (Brooh 

Pleasant McCaulsp 
Mount ( 1 9 s ) ~  
Hakhaq. 
W v o  eo, 
Penm and 
ChatnmM 
Hahhaq. 
Ontarior 

mter 
9.2 (fleld) l4.71SB -0.5261 2 ...................................... 

kdimated 1 hr in saa. 
mler; tested in ma- 
water 
9.2 (fleld) 36.9999-1.42S6 2 ...................................... 
6(broughtupto 11.59 -0.4287 6 -0.9618 28.0 8 . 0  ......... 22.0 

tost temp in 
6 hours) 

5 ......... s . 9 ~ 1  -0.2811 4 -o.sist 25.0 n ......... 22.2 
IO ......... 15.7280 - 0 . ~ 9 6  3 - 0 . 9 ~ 9  26.0 n ......... n.1 
m ......... i i . s ~ i t  -0.146 3 -o.siu 26.0 n ......... 23.5 

9.3 (Odd) 33.3750 -1.2MO 20 ...................................... 
2a.owo-1.0000 2 ..................................... 10.9(fleId) 

11.7 ......... 25.9031 -0.9091 2v .................................... 

16.1 ......... 14.5909 -0.4SIS 20 ................................... 

6 (raised to test 
temp over 6 hr 
period) 1 2 . i i 5 6 - 0 . ~ 0 1 0  6 - 0 . s i 4 i 2 8 . 0  m.o ......... 22.0 

5 ......... 1 5 . 2 9 u - 0 ~ 2 9 3  4 - 0 . a i ~ 2 5 . 0  11.0 ......... n . 2  
i o  ......... n.5131 -0.aa6 3 -0.970z x.o n . o  ......... n.4 
m ......... t m a  - 0 . 4 6 ~  3 -0.9191 26.0 22.0 ......... 21.5 

6 ......... 36.1429 -1.4286 20 ...................................... 

m ......... 11.~661 -0 .5~56  2 ...................................... 

9.3 (hid) 18.4661 -0.6667 20 ...................................... 
U.M100-1.25w) 2 ...................................... 

IS ......... 21.5114 -0.7141 2 ..................................... 

10.9" 

10 ......... 17.5260 -0.6035 6 -0.92M 25.5 24.6 .................. 
m ......... m.2w -0.6611 7 - o m  27.0 25.0 .................. 
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THERMAL T A  BLES-Continued 

Salvelinus Ionti . Yearling 
ealis (brook 
bout) 

Salvetinus lonti . Juvenile 
NliS (NINyWSh 
hybrid) 

Salvelinur 1-2 yr . old 
NllllyCUSh 
( b k s  trout) 

kr rd in ius Adult 
cqihrophthala . 
mus (rudd) 

Scmolilus alro . Adult 
maculatur 
(Creek chub) 

Ssmotilus atro . Adult 
maculatus 
(Creek chub) 

Sphaeroider m c u  . 
latus (Northern 
puller) 

Thalcichthys Sexually 
p l U l C U S  Mature 
(Eulachon of 
Columbia River 
Smell) 

Tilapia mosrrm . 4 months 
bin (Mourn . 
bique mouth . 
breeder) 

Tinu tino Juvenile 
(tench) 

... 1 =7.8111 Mired 
range 2- 
25 I 

............ n.7gm1ve. Mired 
(I rr) 82.8 
I m  are . 
(2 Y O  

lOcm ............ Mi ied 

2 .b3 .9  gm Mixed 
mods 

............... 

13.C15.9cm 62.3-79.3gm Mixed 
(average) (average) 

161 mm are . 31 gmare . Mixed 

8.0-12.0 cm lO.bl7.0 gm ...... 

4.6*0.4 cm ............ Mired 

... 

... 

... 

... 

Codringlon . 
On1 . (hatch . Walker 

try (10M)W 

Fry . Hart 6 

. Ontario . Fryand Gib . 
Canada son (1953)~~  

Hatcheries i n  Gibson and 
Onbrio Fry (1954)s) 

Britain (field) Alabaster 6 
Downing 
(1966)6' 

Don River . Hart(1947p 
Thornhill . 

Ontario 

. Toronlo . Hart (1952)aa 
Onbrio 
Knolville. 
Tenn . 

. . Northern Gull Heath (1967)'9 
of Cali1 . 
coast 

New Jcrsey Horn and West- 
(40 N) man (1966)'o 

Cowlitz River . Blahm L 
Wash . McConnell 

(1970)'oo 
unpublished 
dab 

. . Transvaal Allanson 6 

(1964)" 
Uno Noble 

England AlaLustcr 6 
O o w n i n p  
(19W 

3 ......... 11.m - o . w  I - 0 . w 7  25.0 23.5 ......... n.5 
I t  ......... 14.6256 -0.1721 6 2 8 . 0 2 5 . 0  ......... 24.6 
15 ......... 15.1846 -0.4831 9 . 1 . 5  n . 5  ......... 25.0 
m ......... 15.0331 -0.4561 7 ........ 29.0 n.5 ......... 25.3 
22 . I7.l!67 -0.5367 6 ........ 29.0 25.5 ......... 25.5 
11 ......... 17.8467 -0.5567 IO ........ u1.0 25.5 ......... 25.5 
25 ......... 17.1467 -0.5567 3 ........ 29.0 25.0 ......... 25.5 

IO ......... 13.2634 -0.4381 6 -0.9852 26.5 24.0 ......... 23.5-21.0 
IS ......... 16.9596 -0.5540 8 -0.9452 28.0 21.5 ......... 7 
20 ......... 19.4449 -0.E.342 9 -0.9714 28.0 24.5 ......... 24.b24.5 

8 1 Wk 14.4820 -0.5112 4 -0.9936 26 21 ......... 22.7 
IS " ..... 14.5123 -0.4866 5 -0.9989 27 24 ......... 21.5 
m " ..... 17.15114 -0.5818 5 -0.9951 27 24 ......... 23.5 

20 ......... 25.9999 -0.7692 P 

5 ......... 42.1859-1.6021 1 -0.940826.0 25.0 ......... 24.7 
IO ......... 31.0755--1.0414 1 -0.862829.0 28.0 ......... 27.3 
15 . . . . . . . . .  m . m s  -0.6226 3 -0.9969 31.0 50.0 ......... 29.3 
m ......... 21.0274 -0.5933 7 - 0 . 9 ~ 1  33.5 10.5 ......... 50.1 

m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.7 
25 ......... 16.8951 -0.4499 9 -0.9911 15.0 31.0 ......... 50.3 

25 ........................................................ 4.5 

IOOorontoonIy) ............................. 29 28 ......... 27.5 
~~(Torontoonty)  m.11055 -0.6226 1 -0.9969 31 34 ......... 29 
20(Torontoo~ily) 19.1115 -0.5128 6 -0.9856 33 10.5 ......... 50.5 
25 
30 

32.0 

IO 
14 
21 
28 
14 
21 
28 

5 

22 
25 
28 
29 
30 
11 
34 
16 

I5  

25 
m 

......... 19.3186 -0.4717 18 -0.9921 16 12 ......... 31.5 

......... 22.8982 -0.5844 19 -0.9961 37 33 11.5 ......... 

25.4649 -0.6088 1 -0.9716 17.0 36.0 

......... 11.3999 -0.2821 J -o.saa 30.0 25.0 ......... 27.5 

. . . . . . .  15.5191 -1.0751 3 -0.9449 32.0 27.0 . . . . . . . . .  10.2 

......... 21.5353 -0.5746 3 -0.9914 32.0 50.0 ......... 31.2 

......... 23.7582 -0.6181 3 -0.9239 33.5 11.1 ......... 2 . 5  

......... -1.1104 0.6141 4 0.976010.0 6.0 ......... 8.8 

......... -3.9939 i.iW 6 O . i i i O i i . 0  5.0 ......... 10.1 

......... -7.4513 0 . w ~  5 0.973116.0 10.0 ......... 13.0 

rivertemp . 7.7440-0.2140 7 -0.914229.0 8.0 ......... 10.5 

......... lll.1850 -B.3878 

......... 14.0458 -0.1800 

......... 41.1610 -0.9950 

......... 91.8241 -2.1125 

......... 41.1233 - I . M t l  

......... 34.0769 -0.1lZY 

......... 123.1504 -3.1221 

......... 68 .6764- I .7W 

-0.8898 37.10 36.5 ......... 
-0.2140 17.92 37.5 ......... 
-0.1107 3 . 0 9  37.9 ......... 
-0.7781 3.10 27.0 ......... 
-0.9724 18.50 17.6 ......... 

-0.993838.4 3.2 ......... 
-0.9053 3.77 37.9 ......... 

- o . g r n s u . 4  17.6 ......... 

16.91 
37.7 
17.89 
17.91 
37.59 
37.6 
18.25 
38.2 

......... ii.moo 1 . m  P ...................................... 

......... 29.6667 0.13i1 3 ...................................... 

......... ...................................... 27.1429 0.7143 2 

a It is assumed in  this lable ulrt the acclimation bmperature reported i s  a bus aa l im t ion  i n  the contert 01 Bran 

b Number 01 median reurtlnss times ursd lor calculating rwesuon epuation . 

G Conebtion coclfident (plat fit 01 a11 dab poinb lo the 1qWtdOII line= 1.0). 
d=lncipient le t tu l  temperature of Fry . e l  al., (19(6)." 
Sw previous note lor A h b a N r  1967 .~  

(1952)." 



APPENDOX nu-D 

Organochlorine Insecticides 

PNlS talicity LC50 
W a d o  OrpanilKl #gJiilCY Rderenco 

#gJfitrr hrmn 

Sub-mlo Meets 

IILDRIR.. .............................. CRUSTPCEAWS 
G a r n m r  bsurlris 96 ............................. Sanden 19691t' 

96 ..................... 
Asellrn bmmaudur.. 8 96 ................... 
o a p m  puler.. ....................... 28 40 .......... , .Sanders and Cope 196SlZ7 

48 .................... ............ Sirnowhalur termlala. 23 
INSECTS 

................ ........................................ Sanders and Cop 19681x8 P b O U U C j S  OfilMdU.. 1.3 96 

Auonomia pacifka.. m 96 nrgmer (IO day Lcso). Jennn and &una 1966"8 
FISH 

bmnurur Iascialur 96 ..................... Sanders in p r e s p  
Rlwm~Bln lladiJllenri%. ..... 

.................. 

................ 

................ PIerowqi ulilnrnica.. 180 96 2.5r l / f i la(BdayLCIo)  ......... 

R'mepbaln pornehr.. ................. n 9s ........................................ Hendaron aaL 19s9ll' 

............. 17.1 96 ........................................ 10lz1961"9 

............. 45.9 9s ........................................ 

................... ........ 

................. ........................................ us.. 11 96 

............. ........................................ 7.5 96 

DOT .................................... CRUSTACEAW 
1.0 96 ................................... SandnsI%w 
0.8 96 ........................................ Sandusin pranl= 
2.3 96 ......... ....................... 
0.24 96 ......... ....................... 

Asellur brericaudur.. ................... 4.0 9s ......... 
Simccephalus serrulalui. ................ 2.5 40 ........................................ Sanders and C o p  1%W 
Daphnia puler .......................... 0.36 40 ........................................ 

p l e r ~ q l c a [ i l  omie 7.e a ................. Sandat ad C o p  1 W m  
Pha%elb tudia.. 1.9 ss ........................................ 
mrrenia nbulosa 3.5 95 ........................................ 

Pimephalar prnmebs ................... 19 96 l a c e l l  and McllIitter 197IPrl 
@4illiS WQhiNl. .  0 96 
Lepomis microlophur 5 96 ........................................ 

2 96 ........................................ fflicroptefm mlrnoida.. 
b lmo  gairdnai. 7 96 
h l m o  ezifdnui.. .............................................................. 0.26 M/I (IS d a ~  LW). ........... 

2 96 .................................. Salmo m.. 
Onrorh7nchur UIOW ................... 4 ss .................................. 

9 ss ........................................ P m a  flaranni. .  
lrlalurur puncblns 16 96 ........................................ 

5 96 .......... lralwns m e L  

TDE (ODD) Rhatbno@. ................. CBDSTACEAN 

....................... 

IUSECT 
................... 
................... 

..................... 
FISH 

........................................ 
................. 

.................... 
................ 

....................... .................................. 

................... 

..................... 

..................... 
......................... ................... 

.................. bmraann tmfi.. 0.64 96 ........................................ Sandar19691~' 

0.60 96 ........................................ 
Anllnr brsrixaudui 10.0 96 ........................................ 
SirnDaphalut ~rrulatnI. 4.5 40 ........................................ Saden a d  C0;l IEW' 
m@nia puler.. 1.2 40 ........................................ 

PtPsoarsgr miifweb.. ................ IhD 96 ........................................ SaDden and C o p  1969x8 

................... -mami fJ-. 0 . 1  0s ........................................ Sanders in prWS 
Palternonebs kadiakenrir.. ............. 

.................... 
................ 

....................... 
INSECT 

420 

v 

0 
0 
C 

0 

0' 
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Organochlorine Insecticides-Continued 

DIELDRIN .............................. CROSTLCEAN 
Gammamr IamNir.. .................. 
6amms fardrtns.. .................. 
Pabemoneles trdiakensis.. ............. 
Omnatn mil. ....................... 
lsallur breriuudus.. .................. 

....................... 
INSECTS 
Ptuonarqs calilornia.. ................ 
Ftcronarry al i lorniu. .  ................ 
Auoneuria plcilica.. ................... 
Ptrromlb badia.. ................... 
Clusscnia sabulosa.. .................. 
FISH 
Pimephales promelas. .................. 
Lcpomir w r h i r u s . .  ................. 
Srlmo gairdneri.. ...................... 

Oncorhynchus IKhWj?Khl., ........... 
Poecillia latipipna. ..................... 
Poetillia btipipna ...................... 

Lepomis ;ibbosur 

Icbluras puncbtu ..................... 

Gammarus bcurtrir.. .................. 
Gammrrus fascialus.. .................. 
Pabemoneles kadiakensis.. ............. 
Simotephalus scrrulatur.. ............... 
Daphnia puler.. ........................ 
INSECT 
Ptrronarcys alifornio.. ................ 
FISH 
Pimephales promelas ................... 
Lepomir rnacrahirus.. ............. .: .. 
Salmo gairdntri.. ...................... 
Oncorhynchus kirutth.. ................. 
Oncorhyehus Inhawylnha ............. 

Gammarus fascialus. ................... 
Daphnia magna. ....................... 
INSECT 
Pluonacyt californica.. ................ 
I K l l l l Y I ~  I p  ............................ 
FISH 
Salmo gairdneri.. ...................... 
Cabstomus commeiini.. ............... 

Gammarus hcurlris ..................... 
Gammarus laoir lur .  ................... 
Palaemorioler kadiakensis.. ............. 
Ocmecler nais.. ...................... 
Anllus brcricaudus.. .................. 
Simaephalus rerrulalus.. .... 

INSECT 
Pluonarcys californica.. ................ 

Onwrhynchus kirutth. ................. 

CHLORDANE ........................... CRUSTACEAN 

ENDOSULFAN THIOOAN ................ CRUSTACEAN 

. .  

ENDRIN ................................ CRUSTACEAN 

Ptwonarcelb badia.. ... 
Oaarscnia sabulo sa... .................. 
FISH 
Pimephales promelas.. .................. 
@omit muwhirus.. ................. 
Srlmo pirdnsri. ....................... 
Ol!iOrhyKhUS kirulch.. ................ 
Oncorhynthus Irchawylrrhr ............. 

Gammarus bcustlis.. .................. 
Gammarus f c i a l o s . .  .................. 
PaIaemneln kaduhcnds ............... 
Orconccler nais.. ...................... 
$iirnDtCphrlUS rerrublus., ............... 
Daphnia puler .......................... 

HEPTACHLOR .......................... CRUSTACELN 

4a 
600 
m 

710 
5 

190 
m 

0.5 
39 
24 
0.5 
0.51 

16 
I 

10 
11 
6 

96 
96 
96 
96 
% 
U 
U 

96 
96 
96 
96 
96 

96 
96 
96 
96 
96 

.............. 

.............. 

96 

96 

96 
96 
96 
44 
M 

96 

96 
96 
96 
96 
96 

96 
96 

96 
$8 

96 
96 

96 
120 
120 
96 
96 
18 
U 

96 
86 
96 
96 
96 

$6 
96 
96 
96 
96 

96 
46 
86 
96 
18 
18 

........................................ 

........................................ 

I .  

Sanders and Cops 1968"' 
J e n m  and Gaunn 1956"' 2.0 (30 d q  LCSO) 

0.2 (30 day LCW) 
Sanders and Cops 196811* 

Henderson e l  11. 1959"' 

K l t l  1951"' 

bne and tirinfrton 1 9 7 0 ~ ~ 0  

........................................ 

........................................ 

........................................ 

........................................ 
3.0 (19 w u k  LCS) 
0.75 (reduced ~ m v u l  h repcduction-34 

1.1 (an& swimming abilily and or)ycn con 
m k )  

mmptiu+im.diy) 
........................................ 

..... 

..... 

6.7 

4.5 

26 
10 
4.0 

20 
29 

15 

52 
22 
44 
56 
57 

5.1 
52.9 

2.3 
1. a , I_" 

0.3 
3.0 

3.0 
0.9 
0.4 
3.2 
1.5 

26 
20 

0.25 
2.4 
0.32 

0.54 
0.76 

1.0 
0.6 
0.6 
0.5 
1.2 

29 
40 

7.11 
47 
42 

1.1 

Cairns and Schcir 1 W o *  

FPRL"' 

Sanders 1969':' 
Sanders in p r e "  

Sanders and Cope 1966"' 

-I 
I 

........................................ 
2.5 (120 hour LCSO) ...................... 
........................................ 

SandMS and COP 19611'18 

Henderson e l  11 13W1 

Klh 1961lI' 

........................................ 

........................................ 

........................................ 

........................................ 

........................................ 

................................... 

........................................ 

....................................... 

Sanders 19691*' 
Sanders in prcn'26 

....................................... 

....................................... 

....................................... 

....................................... 

....................................... 

........................................ 

Sanders and Cops 19611'1' 
Jennn and Gaulin 196611' 

Sandus and Cops 19611"' 

........................................ 
1.2 (30 day LCW).. ...................... 
0.03 (39 day LCW). ...................... 
........................................ 
........................................ 

Henderson et e l  1959"' 

Klh 1961"' 

........................................ 

........................................ 

........................................ 

........................................ 

........................................ 

Sanders 196912' 
Sanders in presslz' 

Sanders and Cope 1966"' 

........................................ 

........................................ 

........................................ 

........................................ 

........................................ 
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HEPTACHLOR .................... 

Cbassenia sabulosa 
FISH 
Fimsphalss promelas. ........... 
Lapomis mauochilus .................... 
bpomis miuolophus .................... 
Salmo fairdneri. ....................... 
Oncorhyxhus kisutch ................... 
Onurrhynchus Irrha'@scha. ............ 

GammaNs lawshis.. .................. 
GlmMNS fataatus.. .................. 
Asellus brsriuudus., .................. 

LINDANE ............................... CRUSTACEAN 

f%lOlU lC) .1  CalifMItits.. ................ 
FISH 
Pimsphalps promabs.. ................. 
Lepomis mauochirus.. ................. 
iepomis miuoiopnus .................... 
MiuopIerus nlmadn..  ................ 
Salmo gairdneri., ...................... 
Salmo hutb. .......................... 
Oncorhyncbus kisuW.. ................ 
Peru Lrartens.. ..................... 
lclalurus punclatus.. ................... 
Iclalurus melas ....... 

................. CRUSTACEAN 
Gammarus lacuslris 
GammaNs lauialus 
Pabsmonotsr kadiakonsis.. ............. 
Orconeclas nail ........................ 
Asillus brsrinudus., ................... 
Simocephalus sarrulatus., ............... 
Daphnia puler.. ....................... 
,.,e*". *,.an.", 

Reronarcys ul i lorniu. .  ................ 
Tasniopteqi niralis. ................... 
Stsnnnama spp ........................ 
flSH 
Pimephalas promolar.. ................. 
Lepomis mauorhirus.. ................. 
Salmo fairdnori.. ...................... 
Omorhynchus kisulch ................... 
Onwrhynchus tnhawylsha.. ........... 
Pore fbrarcens.. ..................... 

TOXAPHENE ........................... CRUSTACEAN 
GammaNs lacushis.. .................. 
Gammafur lasciatus. ................... 
Plbsmonetn hadukands ............... 
Simccephatus mulatus ............ 
Oaphnia pulp:. ........................ 
INSECTS 
Reronaqs ulifmdca.. ................ 
muommila badia.. ................... 
Claanonia sabulaa ..................... 
FISH 
Pimephalm promolar.. ................. 
LapOmm M t r h N S . .  ................. 
Lapamis n'icrobphus.. ................. 
Rliuop3ms nlmoidor. ................. 
P i m a  i a i r m r i i . .  ..................... 
Salmo trutb.. ......................... 
OnCm~nrhUS kiulttb.. ................ 
Rna Lrescem.. ..................... 
I C b h I N S  pUsbOS ..................... 
ICbluNs mobs.. ...................... 

1.1 
0.9 
1.0 

w 
19 
I7 
19 
59 
11 

ID 
10 
to  

520 
460 

4.5 

87 
Ea 

32 
21 
2 
41 
Ea 
44 
51 

n 

0.0 
1.9 
1.0 
0.5 
3.2 
5 
0.11 

1.4 
0.98 
0.63 

1.5 
62.0 
62.6 
€6.2 
21.9 
20.0 

16 
6 
m 
10 
15 

2.3 
3.0 
1.3 

14 
10 
13 
2 

11 
3 
0 

12 
13 
5 

96 
% 
% 

% 
96 
% 
96 
96 
96 

% 
96 
96 
ID 
48 

96 

96 
96 
96 
96 
96 
96 
96 
% 
96 
96 

96 
96 
96 
96 
96 
ID 
48 

96 
96 
96 

96 
96 
96 
96 
96 
% 

% 
% 
% 
ID 
4 

% 
% 
% 

ss 
% 
% 
% 
% 
% 
% 
% 
% 
% 

........................................ Sanders and C o p l 1 9 6 0 ~ ~ ~  

........................................ Honderrollol a1 l 9 W r  

........................................ Bridper 1%11m 

........................................ 

........................................ Kah 1961'1' 

........................................ 

........................................ 

........................................ Sanders 19W:4 

........................................ Sand- in prawn 

........................................ Sandan and Cppa 19661:' 

........................................ Sandus and Cop3 t9C:I 

........................................ 

........................................ 

................ 

................ 

........................................ 

........................................ 

........................................ 

........................................ 

........................................ Sanders 1969l:' 

........................................ Sanders i n  p r s u l s  
................................ 

... Sanders and Cop3 1966L37 
........................................ 

........................................ Sandersand Cppa 1968'8 

........................................ Msrna unpublishsd dablm 

........................................ Mmna 

0.125 (loduead rn hatclrahilily). .......... MUM unpublirhod datal" 
........................................ Handorson st aL 1 9 5 9 l L '  
........................................ Mh.19611~' 
........................................ 
........................................ 
0.6 (rsdumd grorM) 0 months.. .......... M m  unpublirhod datal" 

........................................ Sandms19691s 

........................................ SandusinptDala 

........................................ Sandos and Ccp I 9 S P  

........................................ 

........................................ 

........................................ Sandus and Cop3 IWlu 

........................................ 

........................................ 

........................................ lamk and c1WSrta I9lW 

........................................ 

........................................ 

........................................ 

........................................ law11 and ~uu6stm Ismin 

........................................ 

........................................ 

........................................ 

........................................ 
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Orgonophosphote Insecticides 

Rduenn 

ABATE@ ............................. CRUSTACEAN 
6JmmaNS bWmS.. .......... 82 
INSECT 
WONWS CtbfMmCt.. ........ 10 
FISH 
SaImo pirdneri.. .............. IS 

UINPHOSMETHYL GUTHION@. , . _ _  CRUSTACEANS 
GrmmaNc bcustrir., .. , , , , , , . . 0.15 
6ImMNS fIrdIhlS.. .......... 0.10 
GrmmaNr psoUdOlimnPUr.. ................... 
Pabsmoneter kadukenar.. 1.2 
Asellus breriuudur 21.0 

PtMONWS dorub. .  .......... 12.1 
Pteronarcyr ulilorniu.. , , , . . , , . 1.5 
Auoneuria lycoriar.. .......................... 
Ophiqomphur ruplnwlenrir.. ... 12.0 
Hydropqche bettoni.. ......................... 

..... 
............ 

. INSECTS 

... rphemerella rubvaria. .......... 
FISH 
Pimephaler promelas. .......... 
Lepomir macrahirur.. ......... 
Lepomir microlophur.. .......... 
Miuopterur rrlmcider.. ........ 
Salmo Iairdneri.. .............. 
SalmO INIb.. ................. 
Oncorhynchur kirutch .......... 
Peru flarescenr.. ............. 
lctalurur punclalut ............. 
lctalurur mobs. ............... 

UINPHOSETHYL ETHYL GUTHION@ CRUSTACEANS 
Simasphalur sonublur., ....... 
Daphnia puler.. ............... 
FISH 
Salmo gairdncri., .............. 

CARBOPHENOTHION TRlTHlON @... CRUSTACEANS 

CHLOROTHION ................. 

ClOORlN@ ...................... 

COUMAPHOS CO-RAL@ ......... 

DLMETON S V S l O f l  ........... 

... 

... 

... 

... 

Gammarur bcturtrir.. .......... 
Pabemonster Iradiakendr.. ..... 
Asellus breviuudur ............ 

Daphnia ma;na. ............... 

FISH 
Pimephalsr promebr ........... 
LeQOmiS maUKhiNS.. ......... 

.. CRUSTACEAN 

. . CRUSTACEANS 
Gammarur bcuttrir.. .......... 
Gammarur lasciatur.. .......... 
FISH 
Lepomir macrahirur ........... 
Micropterur ulmmder., ........ 
Salmo uirdncri.. .............. 
INlurur pumtatrtur.. ........... 

Gammarur bcuslrir.. .......... 
6JmMNS IIsciIhlS.. .......... 
Daphnia MgN. ............... 

INSECTS 
Hjdropsychs rp.. ............. 
Hsufenia rp ................... 
FISH 
Pimsphaulsr promebr.. ......... 
Lapomis INcrahiNr.. ......... 
Salmo tairdneri.. .............. 
Onwrhynchur ki;irutch ........... 

6ImllUNS b&ItUS.. .......... 
FISH 
Pimsphaler pomebr.. ......... 
lapopomis maaahiNr.. ......... 

.. CRUSTACEANS 

.. CRUSTACEANS 

............ 

9) 

5.2 
52 
5 
14 
4 
17 
13 

38d 
3500 

4 
3.2 

19 

5.2 
1.2 

1100 

4.5 

2800 
7 w  

15 
11 

250 
lloD 

55 
2500 

0.07 
0.15 
1.0 

5 
4.30 

1W 
1w 
15MI 

15wo 

n 
12w 
1M 

.... 

.... 

.... 

96 

96 

96 

% 
96 

120 
96 

96 
96 

96 

................ 

................ 

................ 

................ 

96 
96 
86 
86 
96 
86 
96 
96 
96 
96 

48 
48 

96 

96 
96 
96 

4a 

96 
86 

06 
86 

96 
96 
06 
06 

96 
96 
4a 

24 
24 

86 
96 
96 
96 

96 

96 
B6 

..... 

..... 

..... 

..... 

.................... 

............... 

............... 

0.16 (20 day LC50). .......... 
... 

4.9 (30 dry LC50) 
... 
1.5 (30 day LCW) ............ 
2.2 (30 day LCSJ).. .......... 
7.4 (30 day LCM). ........... 
4.5 (30 day LCW) ............ 

........................... 

........................... 

........................... 

........................... 

........................... 
O.lC30 dry.  ............... 

1.3€-30 dry. ............... 
1.724 day ................ 

2.50-30 day. ............... 
4.84-30 dI) ................ 

Sanders 1963121 
Sanders in prerr'2' 
Bell unpublished dalalu 
Sanders in prtrr'l6 

Bell unpublished d a l N  
Sanders and Cope 18681'8 

Bell unpublished dalals1 

............. 

Sanders in perrlt6 

Pickcrint et 11 186212' 

Kab 1961"' 

Macek and McAllirler 1970L" 

Macck and McAllirter 1310l~~ 

Sanders and Cope 196612' 

FPRL"' 

Sanders 1969'2' 
Sanders in press126 

Wder Qual+ Criteria 
1868 

Pickerin; et 11 19521a 

Sanders 1969':' 
Sanders in press116 

FPRLI" 
FPRL'" 
FPRL"' 
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Orgonophosphate Insecticides-Continued 

PmIjddo 

DIAZINO# ............................ CRUSTACEANS 
............................................. ........... Gammrus ptmdotimn acm... 0.27 (30 b y  LC50) 0.20 (30 day). ... Bell unpublished daW" 

Gammarm tauratfix. ........... ............................ _ _ _ _ _ _ _ _  Sandeft 196912' 

....... Sanders and Cope 1 9 6 W  Simmephalus arrubhn.. ..................................... 
Daphnia pulor.. ............... ........................... 
Daphnia magna. .................. ............ 0. Z (21 w). .............. Biesiw unpubhhod data'" 

.......... 

DICHLORVOS ODVP VLPONA@.. 

DIOXATHION DELNAVQ. ....... 

DISULFOTON DCSVSTON@ ..... 

OURSBAN@.. ................... 

ETHION NIALAT@ ............. 

EPN.. ........................... 

..... 

..... 

..... 

..... 

..... 

..... 

IUSECTS 

Pteformqa dcmb.. .............................................. 
Aaomrqa calilcfriira.. ........ 25 96 

Acrcrootoria W a s  ............. 
OpMupmphUs 1UphUlolrdS.. ... 
Hydroprlths b e W  ............ 
EphemMelia aubrafia.. ......... 
CRUSTACEANS 
GamMNS I a C U S I ~ i t . .  .......... 
GImfIUNS facialus 

Daphnia pulor. ................ 
INSECTS 
Pleromrqs calilmiw.. ........ 
FISH 
?yZ!!!z !!!la"re%. ......... 

CRUSTACUNS 
Gammarut hcurbis.. . 
Gimmarus lasnafu 
FISH 
Pimephales promelas. .......... 
Lepomis macr&rus ........... 
Lepomir cyanellus.. ............ 
Mnraplerur mlmoider.. ........ 
CRUSTACEANS 
GammaNs lacualris.. .......... 
Gammtrur Iau iatua. .  .......... 
Palaemoneles Ladialensir.. ..... 
INSECTS 
Pleronaqs olilmio ......... 

Acroneuria pacifica.. ........... 
FISH 
Pimephales promelas.. ......... 
Lepomis muochi~s.. ......... 
CRUSTACEANS 
Gammarut lacurbis., .......... 
GamMNs laxiatus.. .......... 
INSECTS 
Pleronarcya u l i l om io . .  ........ 
Pleronarcella badia.. ........... 
Clurvnia sabulm..  . 

Salmo gairdneri.. .............. 
CRUSTACEANS 
GammaNa lacusbis., .......... 
GammaNs lauialus.. .......... 
Palaemoneles Ladialensis.. ..... 
INSECTS 
Pteronarqs ulilornica.. ........ 
FISH 
Lepomis macratims.. ......... 
Miuoplerus QlmoidB., ........ 

CRUSTACEAN 
GamMNS Iacusttis., .......... 
Gammarus faacialus.. .......... 
Palaemonatn hadiakenais., ..... 
FISH 
Pimephaks promelas., ......... 
LeMmiS MUKMPJS.. ......... 

..... 

...... 

...... 

1.1 
.......... 
.......... 
......... 

0.50 
0.43 
0.26 
0.01 

0.10 

Y" -. 
270 

11.6 

9x4 
34 
61 
36 

52 
21 
311 

5 
21 
8.2 

31W 
61 

0.11 
0.32 

IO 
0.38 
0.51 

2.6 
II 

1.8 
9.4 
5.1 

2.8 

220 
1% 
560 
120 

lsMl 

15 
1 
0.56 

11oooo 
IO0 

.............. 

.............. 

.............. 

46 
...... 
...... 
...... 

96 
96 
4a 
48 

96 

Y 4. 

96 
96 

96 
96 
96 
96 

96 
96 
96 

96 
96 
16 

96 
96 

96 
96 

96 
96 
96 

96 
9s 

96 
96 
96 

96 

96 
96 
96 
96 
96 

96 
9s 
96 

94 
9s 

... 

... 

... 

... 

....................................................... Sanderrand C~pa  1 9 W '  

I .  25 (10 day LC50).. ......... 0.83 (30 day) 
.... 4.6 (lo day LW). ........... I. 29 (30 day). .............. Bell unpublished tab'" 

... : 2.2 I' 1.29 " 

.... 3.54 " 1.R " 

.... 1.05 " 0.42 " 

Sanders1%91'* ....................................................... 
....................................................... Sandas in pTesa118 

....................................................... Sandera and Cow 19561" 

....................................................... 

...................................................... Sanders and Coca 19Wm 

...................................................... t P i i L ~ . ~  

....................................................... Sanders 1969"' 

....................................................... Sandera i n  presslm 

....................................................... Picketing el  al. 19621:1 

....................................................... 

....................................................... 

....................................... 

............. ............... Sanders 19691*' 
......................... Sanders i n  prrn"8 ........ 

........ ............................. 

....................................................... Sanders and Cope 19Hira 
1.9 (30 day LCS).. ..................................... l a e n  2nd Csufln 1$$4ll7 

1.4 (30 day LCSO). ...................................... " 

..................................................... Pickering et aL I 9 S P  
............................................. 

....................................................... Sanders 1 9 6 W  

............................................... Sandart i n  prera"8 

............ Sandera and Cop  1 9 6 W  
.................... 
....................................................... 

....................................................... FPRL"' 

....................................................... FPRLln 

....................................................... Sanders l 9 W  

....................................................... Sanders i n  pres126 

....................................................... Sandera in pres'= 

....................................................... Sanders and Cop  1 W m  

....................................................... FPRL"' 
..................... 

................ 

....................................................... Sanders l 9 6 W  

....................................................... Sanders i n  ~raaiu 

....................................................... 

....................................................... Sdon and Nair 1970180 

....................................................... Pickcring e l  aL l 9 6 P  
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Organophosphate Insecticides-Continued 

psutr toxicity LCM Sub.tute ensstr No ellel 
Pesticide Orfanism ,,g/liter rglliter nalncacs 

figlliter hours 

FENTHION BAYTEXQ 

MALATHION 

METHYL PARATHION BAYER EM1 

MEVIIIPHOS PHOSDRINB.. ...... 

. . .  

... 

.... 

.... 

CRUSTACEANS 
Gammarur bcurlrir ............ 
Gammurlascialur ............ 
Palaemoneler kadiakensir.. ..... 
Orcmoter nail ............... 
Asellus brevicaudur. ............ 
Simrephalur nrmlatur.. ....... 
Daphnia puler.. ............... 
INSECTS 
Plnonarcys californiu.. ........ 
FISH 
F'imephaler promelas ........... 
Lepomir NUrhirUs..  ......... 

Micropterus salmmder ......... 
Salmo iairdneri.. .............. 
Sslmo trutla.. ................. 
Oncorhynchur kirutch.. ......... 
Perca Lverenr.. .............. 
lctalurur punclatur ............. 
lclalurur melar. ............... 

CRUSTACEANS 
Gammarur preudolimneaur.. .... 
Gammarur lacurlrir ............ 
Gammarur farciatur. . . . . . . . . . . .  
Palaemoneier kadiakenrir.. ..... 
Orconectes nair.. .............. 
Atellus brevicaudur ............ 
Simrephalur rerrulalur. ........ 
Daphnia puler.. ............... 
Daphnia magna. ............... 
INSECTS 

Lepomir microlophur.. .......... 

Pleronarcyr calilorniu ......... 
Pteronarcyr dorrala. ........... 
Acranauria lycoriat ............. 
Pteronarcella badia ............ 
Cfarrenia sabulosa. ............ 
Boyeria vinora.. ............... 
Ophiopomphur rupinrufenrir.. ... 
Hydropsyche betlOni ........... 
FISH 
Pimephaler promelas. .......... . --- -:_ --..̂ .hi .". 
Lq,",,t,r III"..".I...".. .......... 

Lcpomir cyanellus.. ............ 
Lepomis microlophut ........... 
Micropterur ralmoider. ......... 
Salmo gairdneri.. .............. 
Salmo trutta .................. 

Perca flarercenr.. ............. 
lctalurur punclatur.. ........... 
lclalurur melar.. .............. 

FISH 

Lepomir macrrhirur.. ......... 

Oncorhynchus kirulch.. ......... 

Pimephaler promelas. .......... 

Lepomit microlophuf ........... 
Microplerur ralmoidst .......... 
Salmo gairdneri.. .............. 
Salmo trul l l . .  ................. 
Oncorhynchur kirutch. ......... 
Peru flavwenr.. ............. 
ltalurur punttatus., ............ 
ltalurus melar.. ............... 

CRUSTACEAN 
Gammarur lacurtrir.. .......... 
Gammarur Ilrciatur.. .......... 
PallcmDneter kadiakcnsii. ...... 
Ardlus bmricandur.. ........... 
Simocephalus wrrulalus.. ....... 

,Daphnia puler.. ............... 

8.4 96 
110 96 

5 120 
50 96 

1MlO 96 
0.62 48 
0.80 48 

4.5 96 

2440 96 
1380 96 
I884 96 
1540 96 
930 96 

I330 96 
1320 96 
1650 96 
1680 96 
1620 96 

........................... 
1.0 96 
0.16 96 

12 96 
I80 96 
3000 96 

3.5 48 
1 .8  48 

10 96 

1.0 ............. 
1.1 96 
1.8 96 

............................ 

9000 96 
110 96 

120 96 
110 96 
285 96 
110 96 
MO 96 
101 96 
263 96 

8910 96 
12900 95 

8900 96 
5120 96 
51 10 96 
5220 96 
2153 96 
4140 96 
5300 96 
3060 -96 
5110 96 
w 96 

I30 96 
2.8 96 

12 96 
56 96 
0.43 4a 
0.16 4a 

..... 

..... 

. . . . .  

..... 

..... 

..... 

..... 

............................ 

............................ 
1.5 (20 day LCM). ........... 
............................ 
............................ 
............................ 
............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

0.023 (30 day LCM). ......... 
............................ 
0.5 (120 hour LCM).. ........ 
9.0 " 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 
11.1 (30 day LC50) ........... 
0.3 (30 day LC50). .......... 
........................... 
........................... 
2.3 (30 day LCM). .......... 
0.52 " 

0.34 " 

580 (spinal delormity 10 month) 
7.4 (spinal deformity several 

months) 
............................ 
............................ 
............................ 
............................ 
............................ 
............................ 
............................ 
............................ 
............................ 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

0.W8-30 day., ............. 
........................... 
........................... 
........................... 
........................... 
........................... 
.......................... 
.......................... 
0 .621  day. ............... 

9. t 3 0  day.. .............. 
0.1 1-30 day. .............. 
............... 
.......................... 
1.6bJO day. .............. 
0.28-30 day.. ............. 
0.24-30 day.. ............. 

2w-IO month exposure ..... 
3.611 months.. ........... 

! 
Sanders 1969"' 
Sanders in pert126 

Lnderr and Cope 1966l21 

Sanders and Cops 19EallB 

Mtcak and McAllister 1 9 1 0 ~ ~ ~  

Bell unpublished dalalu 
Sanders 1969l?' 
Sanders in prerrl?6 

Sanders and Cope 196612' 

Biesinger unpublished  data"^ 

Sanders and Cope 1968528 

Bell unpublished datala 

Sanders and Cope 196812' 

Bell unpublished datal* 

Mount and Stephen 19611X 
Eaton 1 9 1 1 ~ ~ ~  

Pickering et al. 196212' 
Macek and McAllirter 191012l 

Macek and McAllirter 191OL21 

Sanders 196912' 
Sanders in presr116 

Sanders and C o p  1966'27 
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Aalte lolicily LCSD S u b a u l e  en& N o e f f d  
Pesticide Organism JJ:/fits ri/fitu Rsterera 

riffits hour  

MNINPHOS P H O S O R I N ~  ............ INSECTS 
P k f O M r C l S  BffWdtd .......... 
FISH 
Lepomis mauothirus.. ......... 

NALED 01 BRDM@ ................... CRUSTACEANS 
6ammaNS laWSlhS.. .......... 
GammaNs Ianiatus.. .......... 
Pahemonela Ladirkensis.. ..... 
Ofconarbs Mis  ................ 
Asellus brericaudus.. .......... 
Simotaphalus m l a l u s .  ........ 
Daphnia pules. ................ 
INSECTS 
P l e r m q s  califmniu 
FISH 

Salmo gairdnwi.. .............. 
LEpOmiS MCfothiNS.. ......... 

OXYDEMETON METHYL META. CRUSTACEANS 
.......... SYSTOX@. ......................... Gammarus larustris.. 

irmnurus ianiaius.. .......... 
INSECTS 
Pteromrqs alilornica.. ........ 
FISH 
Lepomis matrothirut.. ... 
Salmo pairdneri 

PARATHION .......................... CRUSTACEANS 
Gammarus lacusIris.. .......... 
Gammarus Iascialus.. .......... 
Palaemoneles kadiakenus.. ..... 
Simotephalus vrrublus., ....... 
Daphnia puler.. ............... 
OfCOllK(oS Mi%. .............. 
Asellus breviuudus. ........... 
INSECTS 
Pleromqs ulifomica.. ........ 

PteromrceUa badia.. ........... 
Claassenia nbulosa. ........... 
Acroneuria plcinu.. . 
Auoneuria tycorias ... 
Ephemerelh subnria. 
Ophiiomphus rupinsulends.. .... 

M..""...". .I-....- . &..".....,. Y Y l l Y  ............. 

Hydropsyche bslloni.. .......... 

5.0 

10 
I10 

110 
I 4  
50 

18@4 
M 

1.1 
0.35 

8.0 

180 
112 

190 
IWU 

35 

1 m  
4000 

1.5 
2. I 
1.5 
0.11 
0.50 
0.04 

sM1 

36 ." 
a," 

4.2 
1.5 
3.0 

0.16 
1.25 

........ 

........ 

.............. 

.............. 

96 

96 
96 

96 
96 
96 
96 
96 
Io 
Io 

96 

96 
96 

96 
96 

96 

96 
96 

96 
96 
96 
48 
48 
96 
96 

96 
ao 
96 
96 
96 

96 
96 

-. 

...... 

...... .... 

....................................................... Sanders and Cop  1 W m  

....................................................... FPRL"1 

....................................................... FPRL'" 

Sanders 1 9 W '  ................................... 
............................ ............ Sanders i n  presslu 
................... ............................ 
.................. ............................ 

............................ 
.................................. Sanders and Cope l966':7 

............................................. 

...................................................... Sanders and Cope 19681:' 

....................................................... FPRL'aI 

....................................................... FPRLIJI 

................................. Sanders 19691" 

................................. Sanders in preu'70 

....................................................... Sandersand Cope 1 9 6 W  

............................................ FPRUa7 

............................................ FPRL'n 

........................................ ....... Sanders 1969'*' 
1.6 (120 hour LCYI). ............. ......... Sanders i n  pressl7e 
....................................................... 

........................... Sanders and Cope 1 9 6 W  
................................ 

....................................................... Sanders in presslm 

....................................................... 

2.2 (30 day LCIO) ....................................... Jenvn and GauRn 1964117 
8.1 jii day LCW] ...................................... Be11 unpublished dab la  

Sanders and Cop0 1968':n ....................................................... 
....................................................... 
0.44 (IO day IC%) ...................................... Jensen and GauRn I9MLLl 
0.013 (30 day LCIO) ..................................... Bell unpublished dabla 
0.056 (30 day LCSO). .................................... Bell unpublished d a w  
0.22 " ........................... 
0.45 " ........................... 



I 
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Afipendix 11-0/427 

Orgonophosphote Insecticides-Con tinued 

Partitide 
Acute lolicily LCSO Sub-acute enats NO enctl 

Omanism ri/tiler rlwf 
r1/stct hours 

Rrlerenss 

PARATHION .................. 

PHORATE THIMETQ.. ....... 

PHOSPHAMIDON.. .......... 

ROIINEL.. ................... 

I EPP ......................... 

TRICHLOROPHON DIPTEREX 
DYLOX 

........ 

........ 

........ 

........ 

........ 

FISH 
Pimephales promelas ........... 
Lcpomis mtUKhirUS.. ......... 
bpomis cyanellus.. ............ 
Miuoptrrus salmoides ......... 

CRUSTACEANS 
Gammarur larurtris. ........... 
Gammarus lax iatus . .  .......... 
Orconecler nair.. .............. 

CRUSTACEANS 
Gammarur hcustrir ............ 
Gammarus laxiatus. ........... 
Orconecler nais.. .............. 
Simmtphalur serrulatur.. ....... 
Daphnia putel..  ............... 
INSECTS 
Pleronarcys u l i forn iu . .  ........ 
FISH 
Pimephaler promelas. .......... 
Lepomis macrochirus ........... 
Ictalurur punctatur . ............ 

FISH 
Pimtphaler promrlar ........... 

CRUSTACEANS 
Gammarur lacurtrir.. .......... 
Gammarut laxiatus.. .......... 
FISH 
Pimephales promelas, .......... 
Lepomir macrochirus ........... 

CRUSTACEANS 
Gammarur lacusIris. ........... 
Simocephalur serrulatur ........ 
Daphnia pulei . .  ............... 
INSECTS 
Pteronarcys calilornica.. ........ 
Pleronarcyr calilorniu. ......... 
Acroneuria pacilca ............. 
Pteronarcella badia.. ........... 
Cbasrrnia sabulos.. ........... 
FISH 
Pimephairr piomciar ........... 
Lepomir macrochirus, .......... 

1410 
55 

425 
190 

9 
0. En 

M 

2.8 
16 

JSOO 
6.6 
8.8  

1% 

IWDW 
4500 

70000 

305 

39 
210 

1900 
IlOO 

40 
0.32 
0.18 

69 
35 
16.5 
11 
21 

. A m " "  
l V N W  

3800 

96 
96 
96 
96 

96 
96 
96 

96 
96 
96 
48 
UI 

96 

96 
96 
96 

96 

96 
96 

96 
96 

96 
48 
411 

96 
96 
96 
96 
96 

:E 
96 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 
.............................. 

....................................................... 

....................................................... 

...................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 

....................................................... 
........................................................ 

9.8 (30 day LCSO) ....................................... 

1. J (30 day LCSO).. ..................................... 
....................................................... 

....................................................... 

....................................................... 

................................................. 

....................................................... 

Solon and Nt i r  19JOl~~ 
Fickcrini e l  a1 19621s 

Sanders 1969ix' 
Sanders i n  p r e s s l ~ ~  

Sanders and C o p  1 9 6 6 ~ ~ 7  

Sanders and Cope 1968128 

FPRLI" 

Solon and Nai l  19JOl'o 

Sanders 196912' 

Sanders i n  pr tss l~a 

Pickering e l  al. 1 9 6 P  

Sanders 1969124 

Sanders and Cope 1966'2L 

Jenrsn and Gauln 1964"' 
Sanders and Copt 1968118 
Jenren and Gaulln 1 9 W 7  
Sandcrr oad Ccpe 1968"s 
Sanders and Cope 1 9 6 P  

Pickerin? et 11. 196211' 
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CARBARYL SEWN@ .................. CRUSTACEANS 
Gammarur lacusbis.. .......... 
Gammarur Iascialur.. .......... 
Rbemaelos kadiakemis ....... 
Ortonales mi$. ............... 
Arellus bravioudur.. .......... 
Simmphalus terrublur.. ....... 
Daphnia pulor.. ............... 
Daphnia ma~m. ............... 
INSECTS 
manarcys olifornira.. ........ 
Pleronarcyr dornta.. .......... 
Pleronarcelb badb.. ........... 

Hydropsycho benai.. .......... 
FISH 
Pimephalsr pornelas.. ......... 

Lepomir MUOLhiNS., ......... 
Lapamir microlaphut.. ......... 

Salmo iairdneri.. .............. 
Salmo Lrulla.. ................. 
Oncorhymhus kiculrh.. ........ 
Perm flarcscens.. ............. 
Iclalurur punctalus.. ........... 
lclalurur mcbr.. .............. 

Gimmarus bcuslris.. .......... 
Cammarus fauialur.. .......... 
INSECT 
Ptnonarqr ulifornio.. ........ 

Gimmarus bcuslrir.. .......... 

Pteranarqr olilarnio.. ........ 

Gammarus Iacurlris. ........... 
Gammarur Iasualus.. .......... 
Palaemaneler kadhkenus.. ..... 
Sirnocapblur rerrulatus.. ....... 
Daphnia puler., ............... 
INSECTS 
Pleromqs olitornica.. ........ 
FISH 
Pimephalsr promelas., ......... 
LCpOmiI NUothiNS.. ......... 
Lrpomis mitrolophur ........... 
MiuapteNs nlmoides.. ........ 
Salmo fairdnrri.. .............. 
SaImo l~lla.. ................. 
Oncorhynchus kisulrh.. ......... 
P r r o  flarertenr.. ............. 
lctalurus puncbhlt.. ........... 
Ictalurus mebs.. .............. 

Micraplcrus ulmoider.. ........ 

BAVGON ............................. CRUSTACEANS 

AMINOCARB METACIL. .  ............. CRUSTACEAN 

BAY ER all44 ..................... 

ZECTRAN ............................ CRUSTACEANS 

16 
26 
5.6 
8.6 

1.6 
6.4 

2uI 

.............................. 

96 
96 
96 
96 
96 
48 
ID 
........... 

....... 

....... 

....... 

4.8 96 
.......................... 

1.7 96 
5.6 96 

................... 
............................ 

9000 96 

6160 96 
11m 96 
MGn 96 
4140 96 
1950 96  
164 96 
145 96 

15MO 96 
20000 96 

34 96 
50 96 

I1 96 

12 96 

5.1 96 

46 96 
ID 96 
83 96 
13 48 
IO 48 

I O  96 

I1000 96 
11200 96 
161W 96 
14100 96 
10200 96 
8lW 96 
1130 96 
2480 96 

I I (w  96 
161W 96 

23.0 (30 day LC so)... ........ 

2.2 (10 day LC50) ............ 
2.7 (IO day LCSO) ............ 

6110 (deline survival and ro. 
production 6 months) 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

............................ 

............... ... 

............................ 

............................ 
25 (20 day LC50). ............ 
............................ 
............................ 

.... 

........................... Sanden 19693' 

........................... Sandorr in pranl3' 

........................... Sandarr ood C a p  19683' 

5.0 63 day.. ................ Bierinlsr unpublished datal's 

........................... Sanders and C o p  1 9 6 W  
11.5 IO day ................. Bell unpublished dabla 
........................... Sandersand Cop0 1 9 W a  

........................... 

........................... 
1.3 30 day.,. ............... Bell unpublished datala 
1.8IOday .................. " 

210 (6 month) .............. Carlron unpublirhad datal* 

........................... Macell and McAllisler 1970l" 

........................... 

........................... 

........................... 

........................... 

..... 

........................... Sanderr 1969':' 

........................... Sanders in prerrlre 

........................... Sanders and Cope 1 9 W a  

.................. Sanders 1969L*' 

Sanders and Cope 19681:a 

......................... Sanders 196Ql*' 

........................... SandMr in prE1S"e 

........................... Sanders and C o p  19661:' 

........................... 

........................... 

.......... Sanders and Cops 1 9 W * e  

..................... 
........................... 
........................... 
........................... 
........................... 
........................... 
........................... 
........................... 
........................... 
........................... 

Macek and MtAllislel l 9 lOI * l  

0 
U 

0 
v 

cl 
0 
0 
0 
0 
0 
0 
0 
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Herbicides, Fungicides, Defoliants 

A m  tolirib LCY) fub.mi le  cllectr No enal 
Organism Mlliler rg/litcr 

rg / l i le r  hours 
P a t i d d c  Rducnce 

ACROLEIN APUALIN ................. 

AMINOTRIAZOLE AMITROL. ,  ....... 

FISH 
Lcpomis mauKhirUs.. ......... 
Salrno but la . .  ................. 
Lapomis maumhirus.. ......... 
CRUSTACEAN 
Gammarus Iascialus., .......... 
Daphnia maina. .  .............. 
Cypridopds ridua.. ............ 
Asellus brericaudus. ........... 
Pabemoneles kadiakends.. ..... 
Orconatas nais ............... 
FISH 
Lepornis macrmhirus. .......... 
Oncorhyncus kisulch.. .......... 
CRUS7 ACEAN 
Gammarus facialus.. ........... 
CRUSTACEAN 
Garnmarus Iacialus., ........... 
FISH 
Lepomis macrochirus ........... 
FISH 
Lepornis macrmhirus . . . . . . . . . .  
FISH 
Lepornis macrochirus ........... 
CRUSTACEAN 
Simoeephalus serrulalus., . ...... 
Daphnia puler, ................ 
INSECT 
Pleronarcys calilornica.. ........ 
FISH 
Pimephales promelas, . ......... 
Lepomis macrochirus. .......... 
Oncorhynchus kisulch.. ......... 
CRUSTACEAN 
Gamrnarur lacuslris ............ 
INSECT 
Pleronarcyr calilornica., , . . , . , . . 
CRUSTACEAN 
Gammarus lacuslris. . .......... 
INSECT 
Pteronarcys calilornica ......... 
CRUSTACEAN 
Gammarus lacusIris. . . . . . . . . . .  
Garnmarur farcialus. ........... 
Daphnia magna.. .............. 

Asellus brericaudus ............ 
Palaemonetes kadiakensis.. ..... 
Orconecles nais.. .............. 
FISH 
Lepomir macrochirus., . ........ 
CRUSTACEAN 
Gammarus lacusIris,', .......... 
Gammarus lascialus.. .......... 
Hyallella azleca.. .............. 
Simoceghalus scrrulalus.. ....... 
Oaphnia puler.. ............... 
Daphnia magna.. .............. 
Cypridopsis ridua .............. 
Asellus brevicaudus., ........... 
Palaemonclcs kadiakcnsis.. ..... 
Orconecles nais.. .............. 
INSECTS 
Pleronsrcys cali lorniu., ........ 
Tendipedidae .................. 
Callibaelcs sp.. ................ 
Limnephilus ................... 

FISH 
Lepomis matrochirus ........... 

Cypridopsis ridua., ............. 

a0 24 
24 46 
24 79 

Bond e l  al. 19601~ 
Burdick et al. 19M10d 

............................ 

............................ 

............................ 

.......................... 

.......................... 

.......................... . 
100. WOrg/l48 hr. ......... 
.......................... 
........................... 
100.000 pg/l 48 hr.. ........ 
100,000 48 hr.. ........ 
100, WO r g / l 4 8  hr.. ........ 

IW.O00pg/l48 hr. 

Sanders 1970"S ..... 

...... 

...... 

...... 

...... 

...... 

...... 

..... 

. . . . . .  

...... 

...... 

...... 

30000 48 
32ffiO 48 

Sanders 19701:s 
Bond el  al. 1960lQC 

............................ 
325400 48 

BALAN .............................. 

BENSULFIOE.. ....................... 

CHLOROXURON.. .................... 

ClPC ................................. 

OACTHAL.. .......................... 

OALAPON (SODIUM SALT) ............ 

ll00 96 Sanders 1970125 ............................ 

1400 96 Sanders 19701?5 

25000 48 Hughes and Davis 1964116 ............................ 

Boo0 48 Hughes and Davis 1964"6 

Hughes and Davis 196411s 700000 4s ........................ ........................... 

16000 48 
11 000 4s 

Sanders and Cope 1966127 

Sanders and Cope 1968'?8 

Surber and Pickering 19621'1 

Bond e l  al. 1960'" 

290000 96 
290000 96 
34QOOO 48 

DEF .................................. 

DEXON. .............................. 

DICAMBA..  ........................ 

100 96 

2100 96 

Sanders 1969'24 

Sanders and Cope 1968126 

3700 96 

24000 96 

Sanders 19691?' 

Sanders and Cooe 1968126 

. . .  

3900 96 
............................ 
............................ 
........................... 
.......................... 
............................ 
............................ 

MOO0 4a 

Sanders 19691:' 
Sanders 1970125 

.......................... 
100.000 pgl l48 hr.. ........ 
100. WO pg/I 48 hr.. ........ 
100.000pg/l4S hr .......... 
100,000 pg/I 48 hr.. ......... 
lW,OOOpg/l48 hr ........... 
IM),OOO 48 hl.. ......... 

I 
I 

Hughes and Davis 1962114 
DICHLOBENIL CASARONB. 

ll000 96 
10000 96 
8500 96 
5800 48 
3700 48 
10000 48 

7800 48 
3UJoo 48 
Boo0 48 
22000 4a 

7000 96 
7800 96 

10300 96 
13000 96 
MJOO 96 

Sanders 1969124 
Sanders 1970L25 
Wilson and Bond 196919 
Sanderr and Cope 19681*8 

Sanders 1970'2s ........................... 
........................... 
........................... 

.... 

Sanders and Cope 1968'28 
Wilson and Bond 1969Is 

............................ 

............................ 
............... 

moo 4a 

t 
I 



0 
0 
D 
U 
U 
0 
0 
0 
0 
0 
0 
0 

4 

. 
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Herbicides, Fungicides, Defolionts-Continued 

Patiddo 

DICHLOWE PHYSDN XL .............. CRUSTACEAN 
Gammarus lacurbis.. .......... 
Gammarus famatus. .  .......... 
Daphnia mag na... ............. 
CipridoWs ridua ............... 
Asellus broricaudus.. ........... 
hlaomonola kadiakonris.. ..... 
Orconecla nais. ....... 
FISH 
LOQOll lh  MCrG%ldPJS.. ......... 
Miooplmus nlmaida.. ........ 
CRUSTACEAN 
Hiillella artee..  .............. 
INSECTS 

Enallatma.. ................... 
FISH 
Pimophlos promelas.. ......... 

Microptirut salmoida.. ........ 
Esos luaus.. .................. 
Stizosledion vitreum ritroum.. .. 
Salmo gairdnori.. .............. 
Dnurhytchus trhawjMa 
CRUSTACEAN 
Gammarus lacurtris.. .......... 
Sammarus lafdatus., .......... 
Simaephalus urrulatus.. ....... 
Daphnia pulor.. ............... 
INSECT 
Reronarcys calilmica.. ........ 
FISH 
Oncmhimhus kisutch.. ......... 
CRUSTACEAN 
Gammarus lacurlris.. .......... 
INSECT 
iidociaiqr aiiirrmnica.. .. 
CRUSTACEAN 
GamMNS IaKiahls.. .......... 
CRUSTACEAN 
Samnurus lauiatus., .......... 
Daphnia mag na... ............. 
Cypridopsis r idw ............... 
Aullus broricaudus.. ........... 
Palaemonetos kadiikonds., ..... 
Omncctes mi$. ............... 
CRUSTACEA# 
Gammarus lacurbis.. .......... 
INSECT 
Reronarqs califanio.. ........ 
Rnronarcella bdii.. ........... 

bQOlXh mICrG%hidrUS.. ......... 

CRUSTACEAN 
Stmmarus lacurbis.. .......... 
Grmmarus lamitus.. .......... 
Daphnia MIM. ............... 
CypridDpds ridut... ............ 
Asellus brericaudus ............. 
hlaommoln kafiakenrir ....... 
omncctn Mi$. ............... 

CRUSTACU~ 
6 I m M N S  b C U ~ S . .  .......... 

.......... 

Axhs broriaudvr ............. 
hlaemmtm kzdiakoasis.. ..... 
Omnatm naii.. .............. 
IWSECT 
plnoMrr).S caPfomim .......... 

l l W  96 
IO0 96 
25 40 

im 43 

4% 40 
3200 43 

10 43 
120 43 

m 4a 
........................... 
........................... 
........................... 
........................... 

Bond 01 a1 196olla 
Hughes and Oaris I%P' 

Wilson and Bond 1969s 

Wilson and Bond 19691s 

............................ 

............................ 
........................... 
........................... 

OIPUAT .............................. 
............................ 

16400 96 
m 96 

> lm 96 
> loow0 96 

14OW 96 
IYIW 96 
1W 96 

16ooo 43 
21w 96 

I1200 43 
2115co 43 

............................ 

............................ 

............................ 

........................... 

Surber and Pickiring 1 9 6 P  
Gilderhut 1961"' ................... *ne.,!! 

Gilderhus 19611" 
........... .--..... .... 

Bond o i  at. t96ol= 

Sanders 1969'2' 
Sandus 1910'2' 
Sanders and Cop 1 W n  

........................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

........................... 
DIURD# .............................. 

ita 96 
TO0 96 

1400 18 
moo 4a 

........................... 

........................... 

........................... 

............................ 

.......................... 

.......................... 

.......................... 

.......................... 

Sanders and Cop I 9 6 P  

Bond et 11. i9a"* 

............................ 

lM00 43 

Boo 96 

i i J  96 

DIFOLITA#. .......................... 
Sanders 1969"' 

Sanders and Cop 1 9 W n  

DINITROBUNL PHEWOL.. ........... 

DIPHENAWID ........................ 
1800 96 Sanders 1910'2, 

1 w. wo .#/I u) hr. Sanders 19101~' ................................... 
5- 43 
m 43 

sbm 43 
................................ 

... 

... 

... 

... 

... 

... 

100,000 .(/I4 hr.. ......... 

1M.W rl/I 43 hr.. ......... 
DURSBPW.. ......... 

Sanders 1969':' 

Sanders and Cop 1W'm 

0.11 96 

10 96 
0.30 96 
0.5l  96 

........................... 

........................... 

........................... 
............................ 
............................ 

1.4.0 (PGBO ........................ 
Sanden 1969"' 
Sanders 191011' 

1600 96 
2yw % 
l W  43 
320 40 
m 40 
2100 43 

............................ 

............................ 

............................ 

............................ 

............................ 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 
lO0,oOor(/l43 b ........... ............... ........................ 

l.4.0 (BE0 ........................... 
........................... 
........................... 
........................... 
........................... 
........................... 
........................... 
lW,rn.t/l43.hr .......... ........................ 

1600 96 Sanders and C o p  196(pl# ........................... 



1 
Alikendix II-D/43 I I 

Herbicides, Fungicides, Defoliants-Continued 

. 
2C.D (BEE) ........................... FISH 

Pimephalrr promebr 

CRUSTACEAN 
Gammrur Iacurtrir.. .......... 
CRUSTACEAN 
Gammrur lacurlrir., .......... 
Gammarur I a x i i l u r . .  .......... 
Daphnia magna. ............... 
Crypidopsis vidua. ............. 
Arellur brcriuudur.. ........... 
F'aBcmoneler kadiakenric.. ..... 
Orwneler naif. ............... 
FISH 
Pimcphalct notltur.. ........... 
Lcpomir m u a h i r u r . ,  ......... 
Miuoplerus ulmcider.. ........ 
Nolrnpif umbratilur.. ........... 
Miunplerus ulmoider. . . . . . . . . .  
Oncorhynchur luha!qlrthr. .... 
CRUSTACEAN 
Gimmarur Bturlrir.. .......... 
FISH 
Pimcphiler promelas. .......... 
Lepomir mcrahirur ........... 
CRUSTACEAN 
Gammarur fauiatur. ........... 
CRUSTACEAN 
Gimmarui lacurlrii.. ..... 
Gammarur Iardalur.. ..... 
Daphnia p u l e r . .  ............... 
Simarphalur 1UrUBlur.. ...... 
Daphnia magna.. ............. 
Cypridoprir ridua.. ............ 
Arellut breriuudur.. . ......... 
Paliemonelcc kadiakcntir.. ..... 
Orconrctrs wit ............... 
INSECT 
Plcronarcyr ul i lorniu . . . . . . . . . .  
FISH 

- . ~  . .*.. rinispwar y8 U W W .  .......... 
Lcpomir mauochirur ........... 
Oncorhynchur kirulth.. ........ 
FISH 
Pimcphilct promobi. .......... 
LCpOmiS maUKhifUS.. ......... 
CRUSTACEAN 
Gammarur lasciatur. ........... 
CRUSTACEAN 
Gammarur lacurlfir ............ 
Gammrur Iauialur.. .......... 
FISH 
Lepomir maawhirur .......... 
CRUSTACEAN 
Gimmrur hcurbir ............ 
Gamnurur fauiatur.. .......... 
Sirnoscphalur ierrulalur.. ....... 
Daphnia pule:.. ............... 
CRUSTACEAN 
Simocsphalur terrulalus.. ....... 
Daphnia pule:.. ............... 
FISH 
Lspomir m a a h i r u r  ........... 
CRUSTACEAN 
Gammrur hsurtric., .......... 
Gammrur l iuialur. .  .......... 
Daphnia matna. ............... 

Pllaemoneter kadiakanu 
Orcondcr l i s . .  ...... 

5500 96 mpl/l IO mo .............. Mount and Slephin 1967'n 

2,I.O (100 ........................... 

2,l.D (DIETHYLAMINE SALT). ....... 
Sandus 19691:' 

Sanders 1969"d 
Sanderr 1910l15 

24W 96 

........................... 
100,000 pg/I 48 hr... ........ 
........................... 
........................... 
IW,OOOpg/I 48 hr.. ......... 
100,000 pg/l48 hr.. ......... 
1M.000 @g/l48 hr ........... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

. . . . . .  

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

....... 

....... 

. . . . . . .  

....... 

....... 

....... 

.............................. 
4000 48 

48 

ENDOTHALL DI SODIUM SALT., ..... 
110000 96 
125wo 96 
IMOW 96 
95000 96 

moooo 96 
136000 96 

Walkcr 196413: 

Bond tl JI. I9W'm - 
ENDOTHALL DIPOTASSIUM SALT 

100.000pgll96 hr. Sanderr 1969"' 

Surber ind Pickerin1 1962I'l 320000 96 
160080 96 

23000 86 

............................ 

............................ 
........................... 
........................... 

EPTAM ............................... 

FENAC (SODIUM SALT) ............... 
Sanders 1970'1, 

Sanders 19691:' 
Sanders 19701:' 
Sanders and Cope 1966'2' 

Sanders 197011' 

12000 96 
............................. 

4500 48 
6WO 411 

..... 
. . . . . . . . . . . . . . . . . . .  

.......................... 

............................ 

............................. 

55000 96 

15000 48 

! L"? !l. 
14.90 96 

uwo 96 

2u)o 96 
Imo 96 

510 96 

500 86 
4Bo 36 

SO0 48 

lDW0 96 
ID000 95 
10000 48 
10000 48 

2 4 4  48 
ZWO 48 

1Y)o 48 

UOO 96 
100 96 
500 48 
400 48 

loMl 48 
5600 U 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

........................... 

100,000 p;/l4E hf ........... 
100,000 pg/l 411 hr.. ......... 
100,000 pg/l 48 hr ........... 
100,000 pg/l 48 hr. .......... 

Sanderr and Cope 19681:s 

Huther and Darir 1962"' 

Surbcr and Pickering 1962"' 

Bond el 11. 19601" 

Surber and Pickcring 1962'11 

HYAMINE 1622 

HYAMINE 2389 ....................... 

HYDROTHAL 41 ..................... 

HYDROTHAL 191 ..................... 

HYDROTHAL PLUS .................. 

IPC .................................. 

........................... 

........................... 

Sanders 1970"' 

Sanders 1969'*' 
Sandcrr 1970'?' 

Hughes and Davit 19M"* 

Sandcrr 1969"' 
Sanderr 19101~~ 
Sanderr and Cop 196SLY7 

........................... 

........................... 

............................ 

............................ 

............................ 

............................ 

..................... 

KURON ............................... 

YCPA ................................ 

MOLINATE.. ......................... 

Lndcrr  and Cope IS66'" .......................... 
.......................... 

..................... 

.......................... 

.......................... 

.......................... 

.......................... 
...................................................... 

A 
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Herbicides, Fungicides, Defoliants-Continued 

Rdersnso 

MONURON. ...................... FISH 
Oncorhynchus kisulch ........... 

PARAllUAT ........................... CRUSTACEAN 
Gammarus lacusIris.. ........... 
Simoerphalus srrru 
Daphnia pulss .... 
INSECT 
Ptsronarcys u l i lomiu. .  ........ 

Grmnurus Iarrialus.. .......... 
PEBULATE ........................... CRUSTACEAN 

PICLORAM ........................... CRUSTACEAN 
Gammarus Iacuslris.. .......... 
INSECT 
Rsronarcys ul i lorn!a. .  ........ 

Gammarus lascialus.. .......... 

Gammarus Iauialus.. .......... 
Daphnia magna ................ 
Cypridopsis vidua.. ............. 

PROPANlL ............................ CRUSTACEAN 

SILVEX (BEE) ......................... CRUSTACEAN 

Lcpomis macrochirut, .......... 

Gammarur lascialus.. .......... 
Daphnia magna. ............... 
Cypridopsis ridua ............... 
Asallus brsricaudus ............ 
Palaemonrles kadiakensis. ...... 
Ortonactas nais.. .............. 
FISH 
Lrpomis macrothirus.. ......... 

Lepomis macrochirus. .......... 
SILVEX (IOE) ......................... FISH 

SILVEX (POTASSIUM SALT). ......... FISH 
Lepomis macruhirus.. ......... 

Gammarus lacusIris. ........... 
Gammarus fartiatus., .......... 
Daphnia mag na... ............. 
Cypridopsis ridua.. ............ 
Asallus brsviuudus. ........... 
Palaemonetes kadirkensis.. ..... 
Orconetlss nais.. .............. 
FISH 
Oncorhynchus kisulch ........... 

Cammarus lacusIris.. .......... 
Gammarus Iauialus.. .......... 
Daphnia magna. ............... 
Daphnia puls i . .  ............... 
Simocephalus serrulalus.. ....... 
Cypridopsis ridua.. ............. 
Asellus brsriuudus.. ........... 
Palarmonetes kadiakands.. ..... 
Orconecles nais.. .............. 
INSECT 
Reronarqs al i lorn ia . .  ........ 

Grmmarus lacusIris.. .......... 
Gammarus Iascialus.. .......... 
Daphnia magna ................ 
Cypridopsis vidua ............... 
Asellus braiiuudus.. ........... 
Rlasmonclss kadiakensis.. ..... 
Orconales naif.. .............. 

SIMAZINE ........................... CRUSTACEAN 

TRIFLURALIN ........................ CRUSTACEAN 

VFnNnl ATF ....................... CD?'ST!CeE.!!! 

..... 

...... 

...... 

...... 

...... 

...... 

1Im 48 

llm 96 
mo 48 
1100 48 

............................. 

I om 96 

ZJOW 96 

48000 96 

16000 96 

250 96 
2100 4s 
4900 4s 
40000 48 

8000 4s 
woo0 48 

I I W  48 

S40 96 
1 so 4s 
200 4s 
500 4s 

3200 48 
............................. 

16600 4s 

I woo 4s 

83000 4s 

I3000 96 

1000 4s 
3200 4s 

............................. 

............................. 

............................. 

............................. 

6600 4 

2200 96 
IMX) % 

4s 560 
240 48 
450 48 
250 4 
m 4 

ImO 4 
%OW 4s 

3ooo 96 

1 Boo 96 
Iu)(M 96 
11w 4 
240 4 

5600 4s 
19w 48 

Z4m 4a 

........ 

....... 

....... 

....... 

....... 

....... 

....................................................... Bond al al. I9Wa 

....................................................... Sanders 196913' 

....................................................... Sanders and C o p  196W 

....................................................... 

............................ lW.W0pg/l96 hr ........... Sandusand C o p  1 9 6 W  

....................................................... Sanders 19J01a 

....................................................... Sanders 196911' 

....................................................... Sandus and Cow 1 9 6 P  

....................................................... Sanders 19101~~  

............................... Sanders 191011' 
............................................ 

................................................... 
.................................................... 

................................. 
............................... 

.................................................... Hughss and Davis 1 9 6 W  

..................................... 

................... ........................... 

....................................................... 

....................................................... 

............................ 100.000p(/l4S hf ........... 

....................................................... Hughes and Davis 1965116 

....................................................... Huihrs  and Oaris I 9 F W b  

....................................................... Hughes and Davis 1965111 

....................................................... Sanders 1969"' 

............................ 100.000 pg/I 4 hr ........... Sanders 19101fS 

............................ I00,WO pg/l4 hr.. ......... Sanders 1910"' 

............................ IOD.WO~g/IISbr ........... " 

............................ lW.O00pg/l 4 hr " ........... 

....................................................... Bond el 11 19WM 

Sanders 1969124 

Sandus 19JOL'S 

Sanders and C o p  19SQlr 

Sanders 19101:6 

....................................................... Sandus and C o p  1968118 

....................................................... Sanders 196912' 

....................................................... Sanders 19101XS 

....................................................... 

................... ............................ 

................... ............................ 
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Botonicols 

Fnslidde 

- 

Acute toncity LC50 Sub-acute cnwts NO enect 
Orflnism &liter pi/liler 

fig/liler hours 
Reference ’ 

ALLETHRIN .......................... CRUSTACEAN 
Gammarut bcustris.. .......... 
6ammarus Iartiatus.. .......... 
Simmphalus serrubtus. ........ 
Daphnia pulex.. ............... 
INSECTS 
Pteronarcys ulilornica.. ........ 
FISH 
Lepomis macrahirus ........... 
Salmo gairdncri.. .............. 

Gammarus bcustris.. .......... 
Gammarus lauialus. ........... 
Simaephalus serrubtus. ........ 
Daphnia puler. ................ 
INSECTS 
F’teronarqs calilornio.. ........ 

Gammarus bcuslris ............ 
Simaephalus serrulatus.. ....... 
Daphnia puler. ................ 
INSECTS 
Reronarcys ulilornica.. ........ 

PYRETHRUM ........................ CRUSTACEANS 

ROTENONE .......................... CRUSTACEANS 

11 
S 

56 
21 

2.1 

56 
19 

12 
11 
42 
25 

1.0 

moo 
190 
100 

3Bo 

96 
96 
4s 
u 

96 

96 
96 

96 
96 
48 
411 

96 

96 
4s 
48 

96 

....................................................... Sanders l969l:t 

....................................................... Sanders in press la  

....................................................... Sanders and Cope 19661:7 

....................................................... 

....................................................... Sanders and Cope 1968128 

....................................................... FPRLI” 

....................................................... 

Sanders 1969’:‘ 
....................................................... 
....................................................... Sanders and Cope 1966127 

.... 
............................ Sanders and COUP 1968l:r 

....................................................... Sanders 1 9 6 ~ -  

....................................................... Sanders and Cope 1966’:: 

....................................................... 

Sanders and Cope 1968’:s 
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APPENBKX 18-E 

GUIDELINES FOR AQUAYIC TOXICOLOGICAL 
RESEARCH ON PESTICIDES 

More than one billion pounds of pesticides were produced 
in the United States in 1969 (Fowler et al. 1971).15? How- 
ever, before such materials can be transported in interstate 
commerce, they must be registed according to provisions of 
the Federal Insecticide, Fungicide, and Rodenticide Act 
and amendments. Responsibility for implementing this act 
is vested in the Pesticide Regulation Division of the En- 
vironmental Protection Agency. Properties of pesticides 
that must be considered in the registration process include: 
eficacy on the intended pest; safety to the applicator and 
to the consumer of treated products; and effects on non- 
target species including those of aquatic ecosystems. 

Guidelines for research into effects of pesticides on 
aquatic life are of concern to this Panel. In view of docu- 
mented erects of pesticides on aquatic life and the appar- 
entiy ubiquitous distribution of certain pesticides in fish 
(Johnson I 968,'jS Henderson, Johnson and Inglis 1969,155 
Mollison 1970'"), i t  seems reasonable to conclude that cxist- 
ing guidclines are not suficient. Mount ( 1967)173 reported 
that thcre were numerous studies on toxicological and 
physiological effects of pesticides in fish, but that the data 
were inadequate because of several common deficiencies. 
Furthcr, he concluded that there was a paucity of data that 
could be used to correlate toxicological, physiological, or 
analytical findings with significant damage to aquatic forms. 
Therefore, research guidelines for predicting potential haz- 
ards of pesticides to be used in, or those with a high probabil- 
ity for contamination of aquatic communities must result in 
findings that are relatable within the scientific disciplines 
concerned. 

Guidelines for research and objectives suggested by this 
Panel are: 

(:) iu p,u,-;C;~ d lcbcaicii I'rarnework that generates 
anticipatory rather than documentary information 
concerning effects of pesticides on aquatic com- 
munities; 

(2) to encourage research that is directly applicable 
to the process of pesticide registration. 

The  framework (Figure 11-E-I) is designed with fish a 
the primary test animal(s). However, i t  is also compatible 
with parallel investigations intended to provide data es- 
sential to the protection of fish-food organisms. In all cases, 
sufficient numbers of individuals and rcplications must be 
included to estimate statistical significance of results. All 
studies shouid report sources, physical quality, disease 
treatments, and holding conditions (photoperiod, diet and 
feeding rate, water quality) of test animals. The  Panel 
recommends that chemical analyses be performed on test 
ahmals, diets, and holding waters to document pre- 
exposure of test animals to pesticides or other contaminants. 
Analytical methods should include results for reagent blanks, 
and they should document limits of sensitivity, detection, 
reproducibility, and recovery eficiency for extracts. 

The  guidclincs are general and are not intended to limit 
research nor to present specific methods. If pesticide investi- 

guidelines, thcn a much greater reservoir of interrelated 
anticipatory data will liecome available for the purpose of 
registering pesticides and establishing water quality criteria. 
All, or parts of the guidclines, may be utilized by an investi- 
gator dcpending upon: the capacity of his laboratory and 
staff; extent and applicability of biological or chemical data 
already available; intended use pattcrn(s) and target(s) of 
the pesticides; or research objectives other than registration. 

g" : i~ f i~  CZ:: be :ai!~:d, 2: !cast iii pzit, ~ l ~ i i g  accepicci 

1. PRINCIPAL SVSYEMS 

A. Acute Tonicity: Static Bioassay (Litchfield and Wil- 
coxon 1919,16' Lennon & Walker 1964,'63 Nebeker & 
Gaufin 1 964,L76 Sanders and Cope I 966,lS0 Burdick I967,I" 
Sprague 1969,1B2 Schoettger 1970,1sL Environmental Protec- 
tion Agency 1971).I5O 

1. Purpose 
I he iimitations of static bioassays are recognized ; 

however, they do  provide the first, and probably quickest, 
irdex of relative toxicity. Further, they are useful in esti- 
mating the relative influence of variables such as species 
susceptibility, temperature, pH, water quality, and rate of 
chemical deactivation on toxicity. Thus, acute static bio- 

_. 

434 



PRINCIPAL SYSTEMS 

IV. Chronic Effects 

Diluter and Feeding Exposures 

SUPPORT SYSTEMS 

IV. Clinical 
Physiology 

Biochemistry 
Pathology 

I I. Acute Toxicity I 

V. Pond and Stream Ecosystem Studies 

I I. Analytical Methods Development 

V. Fate of the Chemical 

"See text for discussion. 

Physicochemical I 1 B i o d e K t t i o n  1 
Residue Kinetics Interactions 

I I I I 

~ 

FIGURE ZZ-GI-A Research Framework. 
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assays are essential to delineate prerequisites for chronic 
studies. 

2. Scope 
a. Initial bioassay 

These studies are conducted with technical and 
formulated pesticides using one type of water 
(reconstituted). The  96-hour LC50 (tolerance limit 
for 50 per cent of the test animals) is determined for 
rainbow trout (Salmo gairdneri) at 12 C, and for 
bluegills (Lepomis machrochirus), fathead minnows 
(Pimephales promelas), and channel catfish (Ictalirrirs 
puncfatirs) at 22 C. Suggested species of invertebrates 
included daphnids (Daphnia magna), glass shrimp 
(Palaemonetes kadiakensis), scud ( Gammarits peudo- 
limnaerrs), and midge larvae (Cliironomrrs pltrmosus). 

b. Definitive bioassay 
Bioassays conducted as described above. Trout 

are tested at  7 C and 1 7  C, whereas bluegills, fat- 
head minnows, and channel catfish are tested at  
1 7  C and 27 C. \Vater quality (reconstituted) is 
modified to include soft and hard waters, and water 
of ca. pH 6 and 9 (Marking and Hogan 1967,1G7 
Berger, Lennon and Hogan 1969).L39 Other tem- 
peratures and potentially threatened species must 
be added or substituted depending upon specific 
conditions undcr \vhich the pesticide is to be used. 

Several series of test concentrations as in a or b 
are prepared and stored for appropriate intervals, 
such as 1, 2, 4, 8, 16 N days. After storage, the 
sokitioiis are biudssay conducted at  the same time. 
Division of the reference 96-hour LC50 values by 
the values for stored solutions gives an estimate of 
rate of pesticide deactivation when plotted against 
storage time. Additional trials may be required to 
determine effects of variables such as pH, tcmpera- 
ture, light. Residue analyses of stored solutions 
provide excellent support data for measures of 
biologica I deactivation. 

c. Deactivation index 

B. Acute Toxicity: Intermittent-flow Bioassay Jensen Rr 
Gaufin 1964,’j7 Mount and Brungs 1967,L74 (Standard 
iMethods I97 1) .Is5 

1. Purpose 
Intermittent-flow bioassays are designed to minimize or 

overcome deficiencies characteristic of static bioassays, and 
are particularly suited for long exposures of test animals to 
ne&,-;d,?.c ,.+Ch ..,,,tn.. -.-.l..l.:l:+:n” c---:-1:---l - - - - -- 

is required for such studies, but results are generally con- 
sidered more reliable, and more representative of actual 
toxicity than those derived from static bioassay. Neverthe- 
less, the speed and flexibility of the latter make them essen- 
tial in establishing operational designs (e.g., water quality, 
temperature, species) for the former method. 

.. -._. d V I U V L L . . . L a .  U ~ L L A ~ J U ~ U  apparatus r -----*--- 

2. Scope 
a. 96-hour LC50 

This is a standard bioassay and is obtained with 
any water supply (analyzed for chemical charac- 
teristics) suitable to the selected test species. When 
variables such as temperature or water quality af- 
fect toxicity (as determined in sections IA2b and 
IA2c), flowing bioassays must be designed accord- 
ingly. In  some instances, a design consistent with 
water quality and species in the locality of pesti- 
cide use may be appropriate. Because intermittent- 
flow bioassays require analyzed concentrations 
(rather than calculated values), analytical methods 
must be developed prior to the start of bioassays. 
The use of radio-labeled pesticides greatly assists 
analysis. Also, test animals treated with radioactive 
pesticides are invaluable for preliminary estimates 
of pesticide uptake, storage, and excretion. In ad- 
dition, gross observations should be made for 
p~tho:ogica: a i d  b c h v i u i d  ciianges. 

b. Lethal threshold concentration (Threshold LC50) 
The Threshold LC50 is estimated subsequent to 
determination of the 96-hour LC50 and may re- 
quire lower concentrations. In general, the bio- 
assay is conducted as in IB2a, but contined in 48- 
hour increments after the 96-hour observation per- 
iod. The  Threshold LC50 is determined when 
further mortality has ceased in all test tanks, com- 
pared to the control. If toxicant-related mortality 
continues beyond 30 to 60 days, the bioassay may 
be discontinlied a n d  the LC50 reported ~ccorc!ii.?g 
to the test duration. Pesticide uptake, storage, and 
escrction studies may be more meaningful, when 
conducted on test animals, from these studies than 
on those exposed for only 96 hours. 

C. 6rowOh and Reproductive Screening: Aquarium Fishes 
(Hisaoka and Firh’t 1962,’j6 Clark and Clark 1964,L46 
Breeder and Roscn 1966”?). 

1. Purpose 
Mount ( 1967)’73 indicated that growth and reproduction 

of fish were important in assessing safe concentrations of 
pesticides, and could be determined within one year. How- 
ever, when estimates of potential hazards are needed for a 
relatively large number of pesticides, and space and time 
are limited, tests using fish with short life cycles may be 
desirable for establishing priorities for later research. Species 
such as the ovoviviparous guppy (Poecilia reficirla!a) and 
o+V;pa~uub zclraiish jijraciyaanio rerioj produce numerous 
progmy that may reach sexual maturity within six weeks 
under laboratory conditions. Thus, effects of pesticides may 
be followed through several generations within a short time. 

2. Scope 
Zebrafish and guppies are exposed to pesticides in inter- 

mittent-flow diluters. Also, the pesticide may be incor- 



porated into their diets if food chain studies suggest that 
dietary uptake is a potentially significant route of exposure. 
Observations are made on mortality, growth, egg produc- 
tion, and hatchability, and on incidence of offspring anom- 
alies (e.g., terata, mutations). 

D. Chronic Effects: Diluter and Feeding exposures (Bur- 
dick, et al., 1964,’45 Macek 1968,16’ Eaton 1970,14s Environ- 
mental Protection Agency 1971,150 Johnson et al. 1971159). 

1. Purpose 
In  general, these studies are conducted as in IC2 and are 

central to predicting safe concentrations of pesticides to 
sport, commercial, or forage fishes, and to fish-food or- 
ganisms. 

2. Scope 
Chronic studies may either include the complete life 

cycle or a portion of the cycle. Full chronic studies are 
conducted currently with fathead minnows, daphnids, and 
scuds and involve continuous exposures of eggs, juveniles 
and adults. Rainbow trout, brook trout (Sulu~/inusfon~itiulis) ,  
channel catfish, bluegills, and largemouth bass (Microfirerus 
salmonides) are used in partial chronics, and adults are ex- 
posed continuously through spawning. Flow-through bio- 
assays are performed by exposing the test animals to pesti- 
cides (or degradation products) in water, in their diets, or 
both, depending upon relative stability of the pesticide 
and its tendency to accumulate in fish-food organisms. Where 
profiles of pesticide degradation in water are established, 
studies simulating degradation should be incorporated into 
the concentration spectra by periodic modification of toxi- 
cant solutions (concentration and composition). Exposures 
should include the reproductive phase or a selected interval 
prior to reproduction depending upon species and antici- 
pated time of pesticide application. Chronic studies should 
evaluate effects on growth, and on natural and ariifichl 
reproduction. Studies with invertebrates should include 
measured effects on metamorphosis and reproduction. 
Clinical observations on physiological, biochemical, and 
pathological effects, as well as analyses for residues, degra- 
dation products, and residue kinetics should be correlated 
with effects on growth and reproduction. 

E. Pond and Stream Ecosystem Studies (Cope, et al. 
1970,14’ Kcnncdy et al. 1970,’G’ Kennedy and \Valsh 
1970,’G0 Lennon and Berger 19701G?). 

1. Purpose 
Laboratory estimates of safe pesticide applications must 

be confirmed by controlled research in lentic and lotic 
ecosystems. Therefore, ponds or artificial streams are in- 
valuable in studying the impact of pesticides under inter- 
acting physical, chemical, and biological conditions. 

2. Scope 
Applications of pesticides are made according to antici- 

pated rate and use patterns. However, concentration spectra 
should include both excessive rates, and rates estimated to 
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be safe in laboratory studies. Species used in the studies 
should approximate those found in intended areas of pesti- 
cide usage. Factors to be studied include: 

a. 
b. 

d. 
e. 
f. 
g. 
h. 

C. 

1. 

j. 

mortality 
growth 
reproductive success 
gross behavior 
clinical physiology, biochemistry and pathology 
invertebrate metamorphosis 
species diversity 
trophic level production 
energy transfer 
fate of the chemical 

II. SUPPORT SYSTEMS 

A. Chemical Methods Development - 

1.  Purpose 
Residue analyses of water and of fish and fish-food or- 

ganisms exposed to pesticides are potent indicators of 
probable biological accumulation or degradation of these 
chemicals. Biological systems used in the primary research 
framework easily provide study materials which permit cor- 
relations between biological effects and residues. The use of 
radio-labeled pesticides early in the research framework 
quickly pinpointed location of the pesticide and degradation 
products and greatly assisted refinement of analytical 
methods. Various combinations of isolation and identifica- 
tion techniques are required to analyze metabolites or 
degradation products in test animals exposed chronically to 
pesticides. 

2. Scope 
Methods may begin with acute, static bioassays for deac- 

L I V ~ L ~ U I ~  indcxcs <!A%) or ! ~ t e r  ~ i t h  x i ~ t e ~  intrrmittent- 
flow bioassays. The studies are expanded as dictated by in- 
terpretation of results. Concentrations of 14C-, 36Cl-, 32P-, or 
35S-labeled pesticides are determined radiometrically with- 
out extraction and cleanup (Hansen and Bush 1967,15‘ 
Nuclear-Chicago Corporation 1 967,177 Biros 1970aI4O). At 
least four test animals (including fish) should be collected 
at  five intervals during the pesticide exposure to estimate 
uptake and degradation rates. For smaller organisms, a 
minimum of 100 milligrams of wet sample are required. 
After development and refinement of analytical methods, 
spot checks of radioactive samples will confirm residues. 
Analyses of metabolites and degradation products require 
that sample extracts be cleaned up  with gel permeation or 
adsorption chromatography (U. S. Department of Health 
Education and Welfare I 968,’S7 1969,1ss Stalling, Tindle and 
Johnson 1 971,lS4 Tindle 1971).’8G Radioactive residues must 
be characterized by T L C  autoradiography, and further 
identified by gas chromatography-mass spectrometry (GC- 
MS) or other spectroscopic methods (Biros 1 970b,I4’ 
Stalling 197 1 ) . I s3  

. . .  .-....*___ 
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B. Upfake, Storage and Excretion 

1. Purpose 
Investigations of chemical residues are undertaken early 

in the research framework to obtain a working perspective 
of pesticide persistence, degradation, and bioconcentration 
in aquatic organisms. The  studies should attempt to corre- 
late residue kinetics with toxicology and chronic effects. 
Thus, later research can be better designed to assess inter- 
actions of pesticides with fish, fish-food organisms, and 
water quality (ID). 

2. Scope 
The studies should include: 

a. radiometric or chemical analyses or both, of test 
animals at  intervals during acute, intermittent- 
flow bioassays to determine rates of accumulation 
and residue plateaus; 

b. determination of biological half-life of accumulated 
residues after termination of exposure (Macek et 
al. 1970) ;166 
determination of dyrrt= nf pesticide d y r x ! ~ t i c n  i:: 
water and test animals by comparing residues of 
radioactive materials with concentration of parent 
chemical, measured chemically (Johnson et al. 
1971,159 Rodgers and Stalling 1971'79). (Autoradio- 
grams of thin-layer chromatographic plates may 
provide the initial data on degradation products.) 

c. 

C. Food-Chain Accumulafion (Brock 1966:Id3 Johnson et 
al. 1971,15s Metcalf et al. 1971).'70 

I .  Purpose 
The functions of laboratory food chain studies include: 

c s h z i c s  UT prupensity for pesticide (or its degradation 
product), uptake by each member of a 3-component food 
chain, estimates of potential pesticide transfer to higher 
trophic levels, and determinations of residue conccntrations 
likely to be encountered in forage of fish. (Residue values 
are uscd in  formulating pesticide-containing diets, section 
IC and ID.) 

2. Scope 
A suggested laboratory food chain may be composed of: 

an appropriate primary producer (green algae) such as 
Scenedesmiis, .-lnkis!rodesmi~s and Chlorella Spp. ; or decomposers 
(bacteria) such as ilerobacler, Bacillus, Achromobacler, Flauo- 
bacter, rleromonas Spp. ; a primary consumer such as Daphnia 
magna, D. /iidex, or other suitable microcrustacea; and a 
secondary consumer such as fathead minnows or small blue- 
gills, largemouth bass, rainbow trout. Members of the food 
chain are exposed to radio-labeled pesticides in diluters 
(or other constant-flow devices) at  concentrations appropri- 
ate for the most sensitive element. Rate of uptake and resi- 
due plateau are measured radiometrically and the identities 
of parent compound or degradation products are confirmed 
by chemical methods, whenever possible. The potentials 
for biotransfer and' biomagnification are determined by 
feeding pesticide-treated lower members to higher trophic 

levels with and without concurrent water exposures. An 
alternative, but less desirable, type of feeding trial would 
utilize artificial foods fortified with appropriate amounts of 
pesticide. 

D. Clinical: Physiology, Biochemistry, Pathology (Mat- 
tingly 1 962,'69 Mattenheimer I 966,Ie8 Natelson 1 968,176 
Pickford and Grant 1968,17s Grant and Mehrle 1970,'5a 
Mehrle 1970'71). 

1. Purpose 
Clinical studies are most closely associated with chronic 

investigations of pesticidal effects on growth and reproduc- 
tion. I t  is likely that these effects are expressions of earlier, 
more subtle physiological, biochemical, or pathological 
dysfunctions. Thus, selected clinical examinations may re- 
veal correlations that are useful in early detection of ad- 
verse effects. These studies may also reveal impaired homeo- 
stasis mechanisms for compensating ephemeral environ- 
mental stresses (e.g., oxygen deficiency, starvation, exercise, 
rapid changes in temperature, pH, salinity) that are not 
otherwise anticipated in this reserach framework. 

2. Scope 
Routine clinical studies are impractical during full 

chronic investigations with fathead minnows (and other 
small test animals), because of their small size and the dif- 
ficulty in collection of adequate amounts of tissue. However, 
at  hatching, young are observed for incidence of abnor- 
malcy; and other young removed for thinning, should be 
used in histocytological examinations and stress tests. The 
latter tests measure relative survival under stresses such as 
those mentioned in I IDl  above. Individuals from partial 
chrcnic and pond oi  SiicaTTi siudies are aiso examined and 
tested as in full chronic studies. Because of larger size, they 
are useful in clinical studies. These studies, however, are not 
necessarily intended as ends in themselves. Examples of ap- 
propriate clinical examinations include : 

a. stress response-induced production of cortisol by 
injection of adrenocorticotrophic hormone (purified 
mammalian ACTH) ; 

b. thyroid activity-Iz5iodine (IZ5I) uptake; 
c. osmoregulatory ability-serum sodium, chloride, 

and osmolality; 
d. diagnostic enzymology-clinical analyses for ac- 

tivities of liver and serum glutamate-oxaloacetate 
transaminase, glutamate-pyruvate transaminase, 
glutamate dehydrogenase, alkaline phosphatase, 
and lactate dehydrogenase; 

e. ammonia detoxifying mechanism fbrain and liver 
glutamate dehydrogenase, brain glutamine synthe- 
tase, and ammonia concentrations in brain and 
serum) ; 

f. cholinesterase activity of serum and brain; 
g. general nutritional state and activity of microsomal 

and mitochondrial enzymes-injection of %arbon- 



labeled glucose and relative evolution of I4CO2 by 
liver ; and 

h. histocytological examinations of liver, brain, pan- 
creas, gill, and kidney by light and electron 
microscopy. 

E. Fate of the Chemical 

1. Purpose 
The environmental fate of a pesticide is determined by its 

interactions with physicochemical and biological processes. 
Its distribution is the result of partition between the biota 
and sedimentation processes, and degradation rates as- 
sociated with each of these. Segmentally, these studies at- 
tempt to predict the relative ecodistribution of pesticides, 
identify physicochemical and biological degradation prod- 
ucts, and describe their kinetics. Biological effects of these 
compounds must be correlated with residues in order to 
anticipate their ecological impact under the conditions of 
use. 

2. Scope 
a. Biodegradation and Residue Kinetics 

Fisk and invertebrates-these studies on residue 
degradation and uptake are more definitive than 
the initial uptake studies involved in acute inter- 
mittent-flow bioassays. Equilibrium of the residues 
(parent compound or metabolites or both) in the 
organisms during the exposure period must be 
documented to strengthen correlation of exposure 
concentrations and biological effects. Special con- 
sideration must be given to multiple component 
pesticides. Both the composition and isomer ratios 
can be altered and should be included in determin- 
ing safe levels of pesticide exposure. The  chemical 
hiirden and kinetics of uptake in the test organism 
are determined by sampling at  not less than four 
intcrvals during the test exposures. No less than 
three fish or other samples per concentration are 
analyzed a t  each sampling period. 

Gas-liquid chromatography (GLC) and Gas- 
liquid chromatography-mass spectrograph (GLC- 
MS) analyses are then made on each sample to 
determine which fractions of the radioactive resi- 
dues are attributed to the parent compound(s) 
and what changes occurred in the composition and 
isomer-ratios of the pesticide. Thin layer chromato- 
graphic examination of nonvolatile metabolites is 
recommended for compounds which cannot be 
analyzed by GLC (Biros 1970b,"' Johnson et al. 
I97 1 ls9). 

Chemical information obtained from the various 
invertebrate organisms is examined in light of pos- 
sible impact on the food chain of fish and other 

organisms. These data give an estimate of the rela- 
tive importance of bioconcentration, biopassage, 
and biodegradation in the various trophic levels in 
predicting the effect on ecosystems (Eberhardt, 
Meeks, and Peterle 1971).149 

A4icroorganisrns-These studies are designed to 
ascertain whether or not a pesticide or its degrada- 
tion product(s) is biodegradable by microorganisms 
in an aquatic environment (Faculty of Amrrican 
Bacteriologists 1 957).15' Benthic muds are incu- 
bated with the pesticide (or degradation product(s) 
or both) in liquid culture. One  sample is sterilized 
to distinguish chemical or  biological degradation, 
or both. Variables investigated concerning the 
basic microorganism-pesticide interaction during 
incubation are: 

0 duration: 1-3-7-14-21-30 days; 
0 temperature: 15-25-35 C ;  

pH:  5.0-7.0-9.0; 
8 oxygen tension : aerobic or anaerobic (nitro- 

gen overlay). 

b. Physicochemical Interactions 
These studies are designed to determine the in- 

teractions of water quality factors as they affect 
rates of sorption, desorption, and loss of chemicals 
from the aquatic system, and chemical modifica- 
tions of the parent compound. These data permit 
accurate assessment of the biological availability to, 
and effects of the subject chemical on, the aquatic 
biota. 

Sediment binding studies (i.e., sorption, desorp- 
tion rates) should consider the effects of as many 
combinations of the following as possible: 

pH:  6, 7.5, 9; 
0 hardness: 10, 45, 300 ppm as CaCO,; 

temperature: 7, 17, 27 C ;  
0 sediment type (heavy, light, high/lowf-or- 

ganic) ; binding profile, i.e., degree of binding 
as a function of particle size and composition. 

Chemical degradation rates as influenced by the 
previous characteristics should also be analyzed. 
In  addition, the importance of photodegradation 
(visible and ultraviolet) must also be examined. 
Product identification will utilize analyses by 
GLC, mass spectromctry, and infrared spectrom- 
etry. Degradation products will be synthesized 
where necessary for biological or chemical testing. 
Volatization and loss of pesticides from the aqueous 
system'must also be considered, particularly where 
factors of pH or temperature are important. 
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Pesticides Recommended f o r  Monitoring in the Environment/ 

Common or trade namo Chemical name- 

............. not less than 95 percent 01 I. 2.3.4. IO. l0.hexachloro~ 
I, 4, (1.1.8. Ilr.hexahydro.l, 4mdo.exo.5, 8.dimetha. 
no-naphtha lene 

Amitrole.. ...................... ? . m h + ~ . ~ h ~ n ! ~  

Arsenicsontaining pesticides (Inorganic and organic) 
Alnzino .......................................... 2shloro~4~(ethylamino)~6~~isopropytamino).~-triazine 
~inphosmethyl(GuLion@) ....................... 0.D.dimethyl phosphorodilhioate S-ester with 3-(mer. 

captomeLyl).l. 2.3.benzotriazin.4(1H).ono 
Benzene hexachloride (BHC). ...................... 1.2,3.4.S, 6~hexachlorocyclohexane.con~sting of several 

isomersandcontaininga specifled percmtageol gamma 
isomerb 

mido 
Chlordane. ....................................... at least 60 percent 01 1.2,4.S.6.7.8.B.~tachloro.3r.l. 

7.7a.letrahydro-4.7.melhanoindan and not over 40 
percent of retated compounds 

2 . 4 4  Oncluding ulls. esters. and other derivaliva). .. (2.4-dithlorophenoxy)acetic acid 
DOT (including its isomers and dehydrochlorination 1.1. I4richloro-2.2-bis(p-chloropheny~elhane; technical 

DOT consists 01 a millure 01 lhe p.p'.isomer and the 
0. p'-isomer (in a ratio 01 about 3 or 4 to 1) 

Captan.. .............................. , N~[(lrichl~omelhyl)thio~.4~qc1ohexene.t,2.dicarboxi~ 

products) 

1 P.dirh,nm.n..niri. I d A  . . . . .  - - -... -._.._ 
................ not less than 85 percent 01 1.2.3.4.10.10.he~achl~ro. 

6.7 -epoxy. I. 4.41.5.6.7.8.8a .oclahydro- t.4-endo. 
e x 0 4  8-dimethanonaphlhalene 

Dithiocarbamate pesticides: 
Maneb ......................................... [ethylenebis(dithi~r~mato)lmanganese; 
Ferbam ........................................ tris(dimcthyldithiourbamato)iron; 
Zineb ......................................... [elhylenebis(dithiourbamato)]zinc; 

Endrin. ......................................... 1.2 .3 .4 .10 .10~hexachloro~6.7~epo~y~t .4 ,4a ,5 ,6 .7 , '8 ,  
Ilr.utahydro.t,4.endo.cndo~S.8~dimelhanonaphtha. 
lene 

Heptachlor ........................................ l . 4 . S . 6 . 7 . 8 . 8 ~ h e p t a c h l ~ o ~ ~ , 4 , 7 . 7 a ~ t e t r a h y d r o ~ 4 , 7 .  
melhanoindene 

Heptachlor epoxide. ............................... 1 . 4 . 5 . 6 . 7 . 8 . 8 ~ h e p ~ c h l o r o ~ 2 . 3 ~ e p o x y ~ 3 a , 4 , 7 . 7 a . t e ~ a .  
h y d r o 4  1.mathanaindm 

Lindane.. ....................................... I. 2.3.4.5. 6.hsxachlorocyclohcxane. gamma isomer 01 
not less than 99 percent purity 

diethyl mcrcaptnsumrule S.eslcr with 0,O.dimcthyl 
phosphorodithi tule 

Mercury .containing pesticides 
MeLo:rchlor ............... ............ 1.1.1 -trichlmo.2.2-bis(p-mcthoxyphenyl)ethane; tech- 

dodccrchlorooctahydro. 1.3.4.  metheno. I N  .cyclobula 

nical methoqchlor contains some o.p'.isomer also 
Methyl parathion.. ................................ 0,O-dimethyl O<pnilrophenyl) phosphOrothioale 

.............................. 
[cdlpentalsne 

Nilralin (Planarin@) ............................... 4imsVlylsuUonyl)~2.6-dinitro-N. N.diproylaniline 
........................ O.O.dielhy1 O.(p.nitrophenyO phosphorothioate 
........................ penuchloronitrobeueno 

Picloram.. ........................................ 4.amino.l. 5.6Bichloropicolinic acid 
Silvex (including ults, esters. and other derivatives). .. Zi2.4.S.trichIorophenoxy)popionic add 
Strobane@. ...................................... terpene pOI~ChlO1illl)S containing 61 prccn t  chlorino 
2.4.5~T(includingulB,estas,and other derintim).. (2.4.S.trichlorophenoqpwtic acid 
TOE (000) (including itsisomusand dehydrochlorina. 1. I -dichlmo.l. 2. bis(p-chlorophenyl)e~ns; technical 

Touphenc.. ...................................... chlorinated camphene containing 67-69 percent c h l ~ i n o  
Trifluralin. ....................................... a. a, r-biflumo-2,6.dinitro.N. N-dipropyI.p-toluidin0 

tion products) TOE contains some 0.p'-isomer also 
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Common 01 bad0 namo Chemical name0 

Secondary List of Chemiols lor Monitoring 

DCNA (Eolrrn@). ................................. 2.S-dichloro-4.nitroaniline 
Carhavl ......................... ".,. " .,._.__..._.. 
Demetron (Sysloxo). .............................. mixture 01 0.O.dieLyI S (and 0)-[2.(ethylthio)sthyfl 

Diazinon. ........................................ 0.O.diethyl 0<2-isopropyl.6.meLyI.4.~rimidiny~ 

Disultoton (Oi.Syston@). ........................... 0.O.diethyl S.[2.eLylUo)ethylphosphorodithiwto 

I."."hlh.l -.1*.1...h.-.h 

phosphorotlnoates 

phosphorothi oate 

...................... 3.(3.4.dichlorophenyl).l. 1 -dimethylurea 
....................... 1.4.5.6.7.1-hexachloro~S~norbornene.l,3-dimet~nol 

cyclic sullls 
Fcnar . ,  ......................................... (2.1.6.trichlorophenyl)acetic acid 
Fluometuron.. .................................... 1. t.dimelhyl-3<0, 0.  o.trifluoro-m-tofyOurea 
Inorganic bromide lrom brominesontaining paticides 
Leadantaining pesticides such as iead arsenate 
Linuron .......................................... 1~(3.4.dichlmopheny~.l.m~hor).-l-mst$luro 
PCP ............................................. pentachlorophenol 
PropanilJ ......................................... 3'.4'-dichloropropionanilide 
Triazins.type herbiddad: 

t;i!!!lli!?l. ...................................... ?-:b!:?P.!. ~ . ~ : ~ : ! ~ ~ ! ~ ~ ~ ~ ~ ~ . ~ . ~ ~ ~ ~ ~ ~ ;  

Prometryne.. .......................... 2. ~.bis(isopropytamino).6-(me~l~o)rtriazine 
................................. 2.ChlOrO.4. 6-bis(isopropytamino)-r-triazine; 

TEA. ............................... .... 2.1.6.trichlorobenzaic acid, usually anitable as mired 
isomers 

List 01 Special Chemicals for Monitoring. 

Pobchlorobiphenyls (PCEs) ......................... Mixluresot chlorinated biphenyl compounds having rari. 

Pobchlorodibenz0,pdioxins.. ....................... DikeNo~pdioxins havinl various dqrm 01 ChlorinatioP 
ous percentages 01 chlorination. 

such as L e  tetra.. hen-. 01 octachlorodibeaoq. 
dioxins. present as impurities in various chlorinean- 
hini~phenolsandarl).umplesot2,4,S~T. 

a Chemical name are in aaordanw with Chemical Abstnctr 
b Report individual isomers when po l t i b la  
e Some compounds are used primarib on one or two crops or i n  &in r a o n s  rather than country-wide: lor ex- 

Implo. the herbicides lenac and propni l  are used mainb on sugar cane and rice, respechveb. 
Note that t t nz ins  has been moved to the Primary List 
This list Contains chemicals which, although not conddered to be pesticides themselves. are of 

I Schethla. 1971.119 

interest in 
noniloring s tUdia 
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APPENDIX Il-G 

TOXICANTS IN FISHERY MANAGEMENT 

There is much evidence that primitive people in Asia 
and South America used poisonous plants to capture fresh- 
water and saltwater fishes for food. In  China, extracts from 
toxic plants have been employed for thousands of years to 
remove undesirable fish from ponds under intensive fish 
culture. The practice of applying toxicants in sport fishery 
management of waters by poisoning non-game fish has 
been used as a management tool (Prkvost 196O).lg3 Some of 
the many causes and instances of fishes in pest situations were 
discussed by Lennon ( 1  97O).lg1 

A survey commissioned by the Food and Agriculture 
Organization of the United Nations in 1970 disclosed that 
29 countries on the five continents are using toxicants in the 
culture or management of food and game fishes (Lennon 
et al. 1970).192 Forty-nine of the 50 states in the United 
States and most provinces in Canada have used or are using 
piscicidcs in fishery programs. The tosicants are employed 
to correct various problems in farm, ranch, and fish-produc- 

and rivers. 
The chemicals that served most commonly as fish toxi- 

cants since the 1930's were basically insecticides in nature 
and formulation. Rotenone and toxaphene, for example, 
were applied predominantly as piscicides in the United 
States and Canada in 1966 (Stroud and Martin 1968),Ig4 
but several dozens of chemicals including natural poisons, 
inorganics, chlorinated hydrocarbons, and organophos- 
phates have had testing or use to kill fish (Lennon et al. 
1970).'92 

There is a significant change in the use of toxicants in 
fishery management. Increasing concerns by the public 
and government regarding broad spectrum, persistent 
pesticides have resulted in stiff requirements for registration 
of fish toxicants and regulation of their use in public waters. 
Well justified emphasis is being placed now on the develop- 
ment and use of piscicides that are specific to fish, harmless 
at  use levels to non-target plants and animals, non-persistent 
in the aquatic environment, and safe to handle and apply. 
An enormous amount of research is required now to secure 
or retain registration of a fish toxicant. The research in- 

4.m- .L. nnn yu..d:; i~ natfirp! lakc-s and reservoirs; and in streams 
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cludes long-term studies on safety to man and mammals, on 
efficacy to target fish, on residues in fish and other aquatic 
life, and on degradation or deactivation of the toxicant i n  
the environment. 

Programs for the management of public waters arc being 
more closely scrutinized for any temporary or long-term ef- 
fects they will have on the environment. More emphasis is 
being placed on the enhancement and protection of the in- 
tegrit). of ecosystems as the main goal for management of 
our living resources. The importancc of preserving a di- 
vcrsity of aquatic habitats and natural comniunitics as 
important gene pools, which may be of inestimable value to 
mankind in the future, as well as for education, research, 
and aesthctic eiijoyment must be clearly recognized. If 
control measurcs are undertaken which will kill non-target 
aquatic species (fish or invertebrates), then careful con- 
sideration should be given to preserving populations of thcsc 
species for restrocking in order to reestablish stability of the 
community. Furthermure, more attcntion should be qiven to 
beneficial use of nuisance populations of aquatic organisms 
dlld eSi12icii: harvestkg rr?et!inc!c shoiild be developed as 
part of any integrated control program. 

'There are five divisions uf the rnanagcment process that 
must be considered by fishery managers and project review 
boards. They are: 

Demonstration of need 

A fishery problem is a t  first presumed to exist, then 
studied and defined, and proven or disproven. If proven, the 
need for immediate or eventual correction is assessed and 
weighed against all possible environmental, scientific, and 
political considerations. The  need then is documented and 
demonstrated to those in a decision-making capacity. 

Selection of method(s) for solution of problem 

All possible solutions to the problem by means of chem- 
ical, biological, physical, and integrated approaches must 
be considered and evaluated in terms of effectiveness on 
target fishes, safety to non-target plants and animals, and 
environmental impact. An important rule of thumb is that a 
toxicant should be used only as a last resort. 
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The selection of an approach to solve the problem, there- 
fore, must be accomplished on the basis of sound fact-find- 
ing and judgment. Every opportunity for exploiting an 
integrated approach to management and control deserves 
consideration to protect the integrity of ecosystems. 

The  selection of an approach to management of native 
fish populations and control of exotic species should be 
approved by an impartial board of review. 

Selection of a toxicant 

If a chemical approach to solution of the problem is 
chosen, the nest major step is selection of the correct tosi- 
cant. The tosicant must be one registered for the use, specific 
to the target species, and relatively compatible with the 
environmcntal situation. 

Method of Application 

The prosimity of application transects on lakes or meter- 

plication points rnust be close enough together to avoid 
locally escessive concentrations that may be harmful to 
non- targe t 1 i le. 

Every opportunity to achieve selecliue action on target 
organisms by adjusting the application method or timing 
should be csploited. 

iitg ~ t a i i ~ i t s  ~ i i  .jticziiis is aii iiiipui,iaiii cuiisidtxaiiun. Ap- 

Pre- and post-treatmen? assessments 

Careful surveys and assessments of the target and non- 
target life in the problem area are needed prior to a treat- 

.. 

ment. The data must be quantitatively and qualitatively 
representative. 

The  actual application must be preceded by competent 
ecosystem study of the habitat to be treated. Moreover, on- 
site bioassays of the candidate toxicant must be conducted 
against representative target and non-target organisms col- 
lected in the problem area. The dose (concentration plus 
duration of exposure) of toxicant needed for the reclama- 
tion is calculated from the results of the on-site bioassays. 

Following an application, thorough ecosystem studies 
and assessments of target and non-target life must be made 
in the problem area. Some surveys should be accomplished 
immediately; others should be prosecuted periodically for 
1 to 2 years to evaluate the effect of the treatment to deter- 
mine if the original problem was corrected, and to detect 
any long-term and/or adverse effccts on non-target life 
and the environment in general. 

All chemical treatments of public waters should be re- 
viewed by impartial boards at  appropriate state and federal 

fisheries, wildlife, ecology, and recreation should be repre- 
sented on the boards, and they should call in advisors from 
the private and public sectors as necessary to evaluate pro- 
posed projects realistically and fairly. A board must have 
decision-making authority at  each step of the treatment 
process; thus, a smoothly working system for getting facts 
from the field to the board and its decisions back to the field 
is necessary. Furthermore, a review board must have con- 
tinuity so that it can assess the results of preceding treat- 
ments and apply the experience obtained to subsequent 
management activities. 

leve!c. R.esonrcp .?rlminis!r.?tnrs, rn.r?.gers 2nd scier?tists in 
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APPENDIX III-MARINE TABLES 1-6 

I 
1 
I 

I 

t 

PREFACE 

Tables 1-3 in this Appendix have been compiled to pro- 
vide information on the effects of inorganic constitucnts on 
marine organisms. Data on bioassay tests with fresh water 
organisms are included, especially when the information 
concerning marine organisms is inadequate. This was also 
done when the same investigator studied both fresh water 
and marine organisms. The  substances tested are listed in 
alphabetical order, generally based upon the constituent in 
the compound considered to be critical. The  entries are ar- 
ranged within substances by year of publication and author. 
The  units used are those presented in the original publica- 
tion. In some cases i t  is impossible to know whcther the 
concentration is expressed in terms of the elemcnt o r  the 
compound tested, but if the information was presented in 
the original publication, it is so indicated. The  organism 
used in the test is identified as in the original reference, 
giving the specific name wherever i t  is available. Very ab- 
breviated descriptions of the conditions of the test are pre- 
sentcd. The  value of the compilation is to indicate the range 
or’ concenrracions cesred, [ he  species used, and tile references 
to the original work. The  reader is urged to refer to the 
original reference for more precise details about the test 
conditions or to the author if the necessary details were 
omitted in the publication. 

Generally, in Table 1 the acute dose for a 96 hr LC50 is 

presented. If the time of the test was different, i t  is indicated 
in parentheses after the concentration listed, for example, 
(48 hr). 

L = Laboratory bioassay 
BS = bioassay static 

BCF = bioassay continuous flow 
B.4 = bioassay acute 

BCH =bioassay chronic 
a =water temperature 
b = ambient air temperature 
c = p H  
d =alkalinity (total, phenolphthalein or caustic) 
e = dissolved oxygen 
f = hardness (total, carbonate, Mg or CaO)  
g = turbidity 
h =oxidation reduction potential 
i = chloride as C1 
j =BOD, 5 day; (J) =BOD, short-term 
k = COD 
i =Nitrogen (as N O ,  or N O , )  

m =ammonia nitrogen as NH, 
n = phosphate (total, ortho-, or poly) 
o =solids (total, fixed, volatile, or suspended) 
p = co, 

BOD =biochemical oxygen demand 

449 



! 3 4 jO/Appendix III-iCfarine Aqrtatic Life and Wildlife 

TABLE I-Acute dose of inorgonic chemicals for  oquotic orgon'isms 

constituent Acute dose 96 hr LC50 Species Conditions Lileratwe titation' 

aluminum.. . . . . . . 250 ppm Miuopterus sal- 

flsh and river m b  

88 ppm (few Hn) Sebasta marinus 
11.8 m i l l  (rhort Sebasbs marinus 

235 m i l l  Gambusia allinis 

(ng moida 

lime) 

131 mg/l Gambusia amnii 

240 ppm(4.4 hr) Gambusa allinis 

135 mg/l(4.4 hr) Gambusia allinis 

Ammonia.. . , . . . _ _  18.5 mgll(48 hrs) 

I 5  mgIl(48 hr) 

6.0 ppm Lepomii 

Lepomis 
("I) M C r a ~ N l  

macracrurus 

3M) mg/l (6 hrs) minnows 

UHW-5000 m i l l  minnows 

11.0 m g l l  (time not Daphnia 

11.5 mg,l((B hr) Pimephales 
promells 

7.7 ppm Lepomis 

(6 hrs) 

specifled) 

MClOthiNf 

248 mg l l  Gambusia allinis 

4% mg'l Gambusia aninis 

240 mgl l  

I 1 4  mg l l  Gambusia aninis 

1290 mgll Gambusia allinis 

240 m i l l  Gambusia allinis 

AI(S0,h: 18 H ~ O :  p~ Pnborn twin 
7.2-7.6; 644 ppm 

_ _ .  . . ._ .  . .. . . . .. _.  . . . , Podubskl and Sted- 
ronsky 1948- 

.,_.._.. ......,_..... p u i i ~  i g w m  
AIClt; sea water Pulley IW'm 

19-22 C: turbid waler; 
turbidity 235 to 25 1957'0 
mgil; Uz(S0,)l. 

highly turbid water 

A I 4 .  static acute bio- 

Wallen et 11. 

18 HIO 
Wallen et a 1  

tgsil- 
Wallen e l  al. 

assay turbid water; 19571n 
a.c.d.e.g 

AIGl t .  static acute bio- Wallen et a1 
assay turbid watn: l 9 5 P  
a.c.d.c.g 

20 C: NHIOH 1954"O 

water: m C. 

tap water; reorygenated Turnbull e l  a1 

conc. as NH,OH; tap " 

continuous now. acule Cairns Jr. and 
bioassay. a.c,e,k Srhiici unpul. 
rented distilled lished 1955"' 
NHoCl 

hard water; N H X l  

distilled water: NH&l 

...................... Meinck e t a 1  

cant. as ",OH: Ektk el  a t  t95Jla 
tap water; 

NHXI; distilled aerated Cairns I r .  and 
water: static acule bio. 
assay; a.c.d.f. N H X l  
as N; 

LsClerc and Osra- 
minck 19552 

LsClerc and Oeva- 
mintk 1955" 

1956'9 

Scheier 195P' 

21 C; in turbid wale1 

i n  iurbid water; i i i i ,C i  

using (NH#)rSO,. HtO: " 

Wallen e l  al. 
using ( N H M  1957ln 

Waiicn a i  a i  
19571u 

S 2 1  C: turbidity 
lowered lrom 220 I o  
25 m i l l  

using NH6CN: turbid 
water 16-23 C 1 9 5 F  

turbid water; 20-21 C 
using(NH,):SO,: Io. 19571s 
duced turbidity lrom 
240-25 mg/l 

Wallen e l  a 1  

Wallen ell1 

highly turbid waler; Wallen e l  a t  
(NH4)tCrOt 19571y 

136 mg/l " (NH,):Cr:h 
31 mgll Gambusia allinis turbid water 

910 m i l l  (24 hr) Gambusia m n i s  using NH,SCN; turbid 

238 ppm (2 day) Gambuh aMds static acute bioassay. 
water 1623 C 

a.c.d.o.(: ammonium 
acetale: high lurbidity 
pH 7.6-8.8. 

2-30 ppm (2 day) Gambusia amnis same as abova using 
(NHhCOi 

510 nom (2 dq) Gambusia amnis rtatic acuta bimsw. 
a.c.d.e.g. high lur. 
bidity; NH&I 

Wallen et a1 
1957l* 

Wallen et a1 
1957's 

Wallen et a1 
IW'U 

Constibent Awle doa  96 hr LE50 Speda Conditions Literalure citation. 

Ammonia.. . . . , . . . 212 ppm (2  day) bidity. ammonium 
dichromala 

a.c.d.e.g. highly turbid 
waler; ".OH 

stalic aculn bioassay; " 

("2) 

37 ppm (2 d v )  

1.4000 ppm (2 day) Gambusia aninis static acute bioassay; waltan a i  at. 
as;  ammonium SUI- l957ln 
Iale; d.0.g: highly 
turbid wator 

static acute bioassay; 1SW 
a.c.d.e.g: highly 
turbid water used 

same as above. but 
ammonium sullile 
used. 

as,d,e.g: Ammonium 
thiayanate; highly 
turbid 

248 ppm (2 day) Gambusia aninis ammonium sulflde; Wallen e l  al. 

Zu)  ppm (2 day) " 

420 ppm (2 day) I' static acute bioassay; " 

3.1 m i l l  Lepomis sol1 water: 30 C Audemy 01 Natural 

3 .4  mg!l 
23.1 mg/l 
i;.; oi,; 
90 m i l l  
94.5 m i l l  
133.9 mg l l  hard water. 20 P 30 C " 

6 mp,'l Lepomis 

0. 2 ppm Pimephales static acute bioassay: in Henderson e l  a 1  

5.2 ppm Pimephales static acute bioassay: " 

0.4 (24 h 0  Salmo gairdneri unionized N H i  static Lloyd and Herbert 

macrahirus Sciences 19W 
salt water: 20 C 
hard water: 30 C 

Physa hslcrostropha soit  water. m c 
soft waler. 30 C 

In standard distilled 

..-A ..._ a_.. .e(. 
,YO" "..'I. '"" 

macrothirus water; NH&l 

prome!as hard water: c.d,e.l 196050 

promelas soft water; c.d.e.1. 

aculs bioassay: 
a,b.c.d.e. toxicity in- 
creased with increas- 
ing pH (from 7.0 to 
8.2)  

r.t,d,i Sii'Ci ii ii; 

1960'6 

24.6 ppm (2 day) Salmo gairdneri static acute bioassay. Herbert and Shut. 

202 ppm (I day) Carassius urassius static acute bioassay: Dowden and Ben. 
: i P  : s w  

a.c."sllndard reler- net1 l9Wg 
ence water" N H X l  

161 ppm (2 day) " 

50 Qpm 
139 ppm Daphnia magna 
725 ppm (1-4 day) Lepomis 

MtrPthirus 
241 ppm (I day) Lymnaea. sp (eggs) " 

173 ppm (2 day) '' 

60 ppm (I day) Daphnia magna 1.c; NH,OH; static 
10 pvm 

acute bioassay; 
"standard reference 
water" 

32 ppm (2  day) 
20 ppm 
423 ppm (1 day) Daphnia MgM static acute bioassay. 

as, standard refer. 
enu water and lako 
water using ammon. 
ium rullate 

u3 (2 day) 
232 ppm 
299 ppm (I day) " Ntic acute bioassay; " 

a& standard relerence 
water; ammonium 
sulflte 

213 ppm (2  day) " 270 ppm (2 day) Gambusia allims static acuto bimssay. Wallen 01 a 1  
a.c.e.1.d. high lur. tWlp ZIJ rm 
bidity: ammonium ZOO m i l l  (4 days) Cyprinus urpio (NH,):SO, Ma tam 1966'1 
chromate 1w) m i l l  (4 days) gudgeon 

a,c,d.o.f. high tur. 73.1 m i l l  (2  days) Daphnia 
static acute bioassay; " 150 mg/l(4 days) Rhodeus ruicsus " 

* cibtim an listnd at the end ol tho Mpndix. T h g  EO bs b t a d  alphabetiuIly mlhin tables m by their ruprim nUmher1 wYh fun consewtirely aurm the tables lm the entire Appendix. 

0 

0 
.- 

0 
I] 
0 

0 
0 
0 
rl 
0 
0 
0 
n 
=0 n 
U 

13 



Appendix Ill-Table 7/451 

TABLE 1-Continued 

Conrlituent Acute dore 96 hr Le50 Species Conditions tilefalure citation* 

Ammonia.. ....... 0.4 ppm 0 days) Abramis brama a.c.d.e.l; continuous. bll 19579 
("I) flow bioassay 

0.29 ppm0 days) Peru fluriatillis 
0.35 ppm (5 days) 
0.36 ppm (6 days) Scardinius erythro. " 

0.41 ppm (2 day) 
K I J  ppm (2 days) Salmo p i rdner i  acute static bioassay. Brown 1961:l 

Autilis rutilis 

phthllmus 
Salmo gairdncri 

Beryllium ......... I t  ppm Urn8 Is above but using '' 
(W hard water and 

beryllium sulfate 

roll water 

hctcralitus during the 96 hrs; 1 9 ~ 0 6 ~  

O.lppm U m C  I S  above but using 1' 

31.0 mg i l  Fundulus 20-22 c; no leeding Jackim st 11 

aenlcd waler 
I' 

6.3 mg/l(41 hr) 
420 ppm (5 day) 

90.C ppm 
3.4 ppm 

0.44 ppm (3 hr) 

a.c.d.e.l.o 
Salmo p i rdner i  ammonia as N 
Nihschia linearis ammonium salt; a.c.e: 

Ntic acute bioassay 
Phyu  heterosbopha " 

Lepomis ammonium salt; a.c.c; 
mauahi rus static acute bioassay 

Salmo p i rdner i  IOU% mortality un. 
ionized "3; 10.5 C 
pH E-10 

Pimephales antimony potassium 

bioassay; a,c,d,l; 
hard water 

om8 as above using 
Iolt water 

same as above. using 
hard water and anti. 
mony trichloride 

same as above except 
using sot1 water and 
antimony trichloride 

hard water and anti. 
mony trioxide 

same as above using 
sol1 water and anti. 
many trioxide 

promelas tartfate: static acute 

same as above using 

Brown 1 9 W  
Patrick et 11. 

1968" 

. .  
15.000 mg/l bpomis 

1 : . ~ 1 9 , O W  mg/l minnows 
(24 hf) muochi rus 

(6 hr) 

1 9 . W 1 9 . 5 M  mgfl " 

(6 hr) 
11,000 mg/l Gambusia allinis 

(24 hr) 
5 . m  m i l l  
12,WO mg/l 

(24 hr) 
8,mo mg/l(u hr) 
3.500 ml!l 
10,500 ppm (2 day) Gambusia atfinis 

C; bcrontifluoride 

i n  distilled water; m C; 

Turnbull et 11 

LeClerc and Den.  
minck l950", 

1954180 

1955" 
i n  hard water; m C; 

boric aud; 20-23 C; 
pH 5.4-7.3 

sodium borate. 22-26 C; 
pH 1 . b 9 . 1  

boric acid; staticacute 
bioassay; a.c.d.8.g: 
highly turbid water 
20-23 C 

Cd(N03)?.4 H20 

conc. as Cd; using 

static aruls bioassay; 
a,c,d,l; hard water; 
admium chloride 

u m e  as above. using 
roll water 

slatic aculs bioassay, 
c,d.a.l; salt water; 
CdClr; conc. as Cd. 

urns as above; using 
hard water 

static acute bioassay; 
c.d,e,l; soft water 
CdClr conc. as Cd. 

Cd(N0s)vl HxO 

ume as above 
same as above 
"me If I?.!?. ?e! 

usin1 hard water 
cadmium cyanide corn. 

pier. sodium cyanide 
(439 ppm CN) and 
admium sulfate 
(521 ppm Cd). Syn. 
thetic soft water; 
static acute bioassay; 
a,c; conc. as CN 

continuous flow. acute 
bioassay: a.b.1; hard 
WItcr 

continuous flow, acute 

in flawing water: 20 C 
bioassay, a.b.1 

ul in i ty  31 ppt: CdClz 
2.5 H?O 

ZO-22 C; no leeding 
during the 95 hr 
aanted water. 

Lloyd and Off  
1969'2 Wallen et aI. 

13571u 
Antimony ......... 12 ppm 

(Sb) 
Tarzwell and Hen- 

derson 1 9 5 0 1 ~ ~  

Orizias 

PPPY 

Pimephales 
promehs 

Doudoroil end 
Katz 19511: 

Shaw and Lowrance 
1956"2 

TarzweII and Hen. 
dcrson 1960':' I '  

~i 
I 
il 
I 

Pickring and Hen. 
dcrson 196501 

(See sodium arrenite also) 
Afsenic.. ......... 41 ppm (24 hr) 

29 ppm (48 hr) 
27 ppm (12 hi) 

(As) 
Notfopsir hudsonius 

...................... 

...................... 
young salmon .% arsenic trioxide 

Rhodeus sericeus sodium arsenate 
Cyprinus u r p i o  
Daphnia 
young eels 

Cnssius auratus BaCb 

Bulinus contortus " 

Planorbis gtabratus b C I ?  

trout 

20 C: using BICI? 

Boschetti and Mc. 
Louihlin 195115 

Lepomis 
mcrah i rus  

Lebistes reticulatus 
Lepomis cyanellus 

Holland et 11. 

Malacca 1966'8 
1960'' 

100 mg'l(4 days) 
160 mg/l(4 days) 
5 mg/l (2 days) 

Barium.. ......... 2083 mg /I (36 hr) 

mo ppm (time not 
given) 

1MI ppm (time not 
given) 

II ppm (time not 
given) 

tMO mg/l 

(Ea) Doudoron et a!. 
1966" 

Pimcphales 
pomehs 

Salmo p i rdner i  

C n r r o N w  
rirdnia 

Fundulus 
hcteroclitus 

cfassostrw 
r i rg in ia  

DoudoroII and Kah  
1953'7 

Bijan and Der. 
chiens 195612 

Bijan and Des. 
chiens 195611 

Wallen et aL 
19571" 

Wallen et 11. 
1957Iu 

Tarnrell and Hen. 
derson 19561s 

Gambusia allinis turbid water; 20 C BaClr 

Ball 19679 

I 
I 

c 
I 
I 

I; 

4440 mg/l(24 hr) 
10,000 ppm (2 day) Gambusia atfinis Ntic acute bioassay. 

a.c.d.e.g; turbid 
water; barium carbo. 
lute; 20 c 

umc as above using 
barium chloride 

beryllium suilats; in 
soft water 
",. in hard n t e r  

static icute bioassay; 
a,c,d,l, hard water; 
beryllium chloride 

oms as abovs using 
salt water 

u m e  as above using 
hard water L 
beryllium nitrate 

salt water 
u m e  as above but using 

Velan and Alder. 
dice 1961"1 

Shustel and Mng le  
1969"' 

Jackim el  IL 
19706' 

Pringle (in prnss)" 

0.1 mg/l(15 wk) 
8,Un mg/l(24 hr) bpomis  

10,WO mg/l @omis 

1O.Wo 

m u a h i r u s  

Mcrah i rus  
0.15 ppm 
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TABLE I-Continued 

confitued kuta dose 96 hr LC50 S p a i n  Conditions Literature citation. 

9.MO ppm 

CaCIt: a,d,n,C static 
acute bioassay in 
standard walor 

continuous nw. acute 
bioassay. a;c;ef; 
aerated water; small 
flsh used. 

11.300ppm 

1.752 mg/l(22- Wrardus auntus 

160 mg/l Gambusia amnis 

56.wO pvm 

27 hr) 

I3,UKlppm (2 day) " 

2M ppm (2 day) " 

240 ppm (I day) " 

56,000 ppm (2 day) " 

l l ,UIOppm Lepomis 
macrahirus 

saturation 

5% (limo no1 Gambusia allinis 
given) 

3.526 ppm (1.611) Daphnia magna 

3,005 ppm (2 day) " 

8.350 ppm ( I  day) Lepomis 

4.485 ppm ( I  day) 
3.094 (2 day) 
2.373 ppm (3  day) " 

!.2W ppm (5 day) 

2.W ppm Lepomis 

3.130 Wm (5 day) 

10,650 ppm Lcpomis macrahirus 

macrorhirus 
Lymnaea sp. (EUs) 

Nihahia linearis 

macrahirus 
NihYhia l inur is  

same as abovo ezcopl 
large fish used 

in  distilled wa la  

AUdemJ Ol Nat- 
ural Scitnm 
1 9 w  

Scheier unpub- 
lished 1455.1C1 

1958.'~ 1959' 
Industrial Waslns 

195661 

Industrial Waslos 
195601 

loner 195767 

Cairns Ir. and 

Ca(OH)% Willen el a1 

CaCO:; a.c.d.o.g. 
1951'Y 

turbid water static 
acute bioassay 19- 
21 c 

CaClt: lurbid water: 
static acule bioassay; 
a.c.d.e.g 

static aculo bioassay. 
ca(oti):: a,c,d,e,i: 

i.6;; *&i; Z-Z; C 

CaSO,: a.c.d.e.g: lurbid " 

waler; static acute 
bioassay. 21-25 C 

a.c.d.e.i: aeralad water; 
CaClt largo flsh used 
- -14.21 cm long; 195.P 
static acule bioassay. 

1620 C: in  $011 water; 
CaSO, ural Sciences 

Cairns Ir. and 
Scheier I957,Zo 

kademy of Nab 

1960, 
Ahuja ISMI M21 C: 00 0.18-0.22 

ppm (CO:=II.lC 
69.30 ppm) CaCh 

CaCI:: a$. static acute 
bioassay: standard nil1 1 9 6 P  
raierence waier 

Oowden and Ban. 

same as abora 
same as above 

same as above 
same as above 
same as above 
static acute bioassay; 

a.c.e: CaSOr 
same as above 

slatic rcule biMW).: 
a.c.e. CaCh 

samn as above 

(Sea also polassium chloride and sodium chloride) 

(CO bioassay: a,c,e; trom 
mono and dichlor. 
amines M C: n9/m 
salinity pH 8.0 

Chloride.. . ...... 0.08 ppm (1 day) Srlmo gi i rdnui  conlinuous flow acute 

IO porn (24 hr) SphaModS maCUllloS . . . . . . . . . . . . . . . . .  

19.25 ppm(l6 hr) RngerGnp silvers conc as residual CI 

(Sea pobium chromate and dichromats and sodium chromalo and dichromals also) 

(cr) macrahirus 
Ehrnmiiirn Lepornir n-ca.2 c 

300 mg/l(24 hr) " Na:CrO, 
115 m i l l  (24 hr) " Na?Cr& 
213 m i l l  (48 hr) " Na?Cr& 

82 mg/l Gambusia amnii turbid water. Ibn C; 
pH 1.C7.1: 240 mg/l 
ammonium chromate 

Palritk el al. 
196811 

Patrich el aL 
1 9 W  

Merkens 195881 

Eider and Edmunds 

Holland el a1 
19664' 

19501' 

Cmst i twnl  hln d m  96 hr LCB SpKia Conditions Literahrra citation* 

Chromium ........ 56 mt / l  
0) 

96 mg/l 

135 mg/l 

92 m i l l  

103 m i l l  Lepomis 
macrahirus 

40.0 ppm (48 hr) " 

320 ppm Lepomis 

382 ppm 
369 ppm 
196 mg I (time not 

I10 ppm Lepomis 

macrochirus 

Miuopterus 
A".", ....... ra!md?tr 

macrahirus 

I10 m i l l  

I10 mg/l sunfish 

100 mgll  Salmo gairdneri 

Ill mg,'l sunflsh 

135 mg 'I sunfish 
0.21 mg. I (time Navicula 

no1 given) 

0.25 mg, I (time " 

I l . 3 m g  I( l ime snail 
no1 given) 

not given) 

40.6 mg/l (limn " 

I10 m g . 1  sunfish 

15 mg/l(48 hr) Polycelis nigra 

not given) 

W mgll  (12 days) 
0.01 mgll(48 hr) Oaphnia magna 
0.1 m i l l  (48 hr) " 

0.1 ppm ( I  day) Daphnia magna 

Carcinus maem 

0.03 ppm (2 day) " 

0.2 ppm (I day) 

5.01 m i / l  Pimephaln 
orometas 

Lymnau rg (Eggs) 

67.4 mgfi 

1.46 mg/l 1cpomis 

71.9 m i / l  

4.10 m i l l  Wnssius auntns 

maaahirns 

Lebistn 
reticulatus 

turbid w i t s .  1620 C: " 

pH 5.1-1.4: ammoo. 
ium dichromate (116 
mil l )  

OH 7.6.8.1 polassium 
chromato (UIO cr/O 

pH 5.4-6.1 potassium 
dichromat0 (263 mg/O 

p t i  7.1-8.6 sodium 
chromate; (020 mg/O 

pn 6 . C 7 . 9  sodium 
dichromate (264 mi/ l )  

turbid water; 11-21 C; " 

turbid water; 21-30 C: " 

turbid water; 20-22 C: " 

turbid water; 2 4 4 7  E: " 

K t C r 4 ;  Cairns 11. and 
Scheier 1958;*0 
19592' 

" 
...................... 
i n  sol1 water: 18 C and 

i n  hard water; 18 C 
i n  hard waler; 30 C 
...................... Fromm and Schin. 

Cr helavalenl: static T r a m  and Benol 
acute bioassay; a,c,d,l, 1958'28 

I. roll walsr. alkali 
and hardness to l ic i l j  

30 c 

man 1PYD 

T r a m  and Benoit 

Trama and Benoil 

dichromate 
1958'23 

K d r - 0 :  
1958'rI 

K 4 r O l  Schinman and 
Fromm 1959l~o 

K:Cr& Academy 01 Nal- 
ural Scienas 
1960, 

in hard waler; K.&r& " 

22 C: time value; sol1 Academy 01 Nab 
water ural Sciences 

!$E? 
22 C: "; hard water 

time value: M C: roll Academy 01 Nab 
water ural Sciences 

1 9 6 0  
"; hard water 

Trama and Benml 

Raymounl and 

K?Cr?O: 

M C: hard water 
1960129 

Shields 1962.1" 
1964'Q' 

...................... 
chromic acid Melelsw 196360 

potassium bichromate " 

chromic sullals; a s ;  
standard rslerenw nett 1968' 
water; static acute 
bioassay 

Oowden and Ben. 

same as above 
Crt(SOh+Na&tO?; 

same as above 
chromium potassium 

sullale: c.d.e.1 snlt 
water; static acute 
bioassay: corn as Cr 

same as above using 
hard waler 

same as above using 
loll WllM 

same i s  above u m q  

using sol1 Wakr 
mme as above using 

soft walst 

hard WlM 

Pickering and Hen. 
dersnn 1 9 W  

0 
U 
. 0 
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TABLE 1-Continued 

Conrtituent kute dose % hr LCSO Spas Conditions Litentun dtation. 

Chromium.. . . , . . . 67.4-71.9 mg/l 

3.33-1.46 mg/l 
W) 

Lepomis 
maucchirus 

Pimelometopon 
pukhrum (bt. 
head) 

minnows. Carasdus 
auntus 

Hard water; pH 8.2 
Nk. 300 mg/t 
roll water; pH 1 . 5  

Alk. I 8  mg/l 

hard water; pH 8.2 
K:Cr*O:: AIk. 3W 
m i l l  

m i l l  

mi/l  

rollwater: pH 1.5 
KaCrSO;: AIL. 18 

so11 water; pH 7.5  
K:Cr,O:; AIk. 18 

conc. as Cr (KrCrrO:) 

Pickcring and Hen. 
derson 1966s' 

Copper,. . . . . . . . . . 
(CUI 

0.425 ppm 

mcirteri hard water CuSO,; 

Gynulus static acute bioassay: 
drcumstriatus as,d,i: hard water: 

1.c.d.i 

CuSO, 
Physa same as above 

Nereis ...................... 

Physa heleroSbOpha 21 C hard water as 

same as above; young 
static acute bioassay; 

heleroslropha 

cuso, 

a.c.1: CuSO, hard and 
soft water. 

Canssius auratus 
Poecilia reticulata 

tMd  and frog 
tadpoles 

conc. as copper sulfite 

Conc. as copper sulfite 

Dragon fly larvae 

Daphnia longispina " 

Nereis virens time not specified 

Salmo gairdneri CuS01.5H4 

conc. as copper sulfite 

t 

I 21.3-133 mgfl Pickering and Hen. 
derson 1966*' 

0.27 ppm 

1.5  m i  'I (2-3 d) 

0.21 pprn 

0.050 ppm 
0.56 pprn (1 day) 

lJ.Ct18 mgfl 

45.8mgfl 

zebra danio adults 

zebra danio eggs 
Lepomis 

mauochirus 

Cairns Jr. and 
Scheicr 1968:. 

Cairns. Jr. and 
fchcier 1 9 6 P  

Flmh st al. 19631 

FlOCh el  11. 196111 

Floch (1181. 1963" 

Raymount and 

Herbert and Van 
Oyke 19648d 

Shields 1963lC' 

Nebeker and Gaufin 

Raymount and 
196496 

Shields t 9 6 W  
Cope 1965'1 

a.c.d.e.: static acute bio. 
assay Ash aulima. 
tized lor 2 weeks in  a 
synthetic dilution 
water using chrom. 
iumqanide mixture 

a.c.d.e; static acute bi0. 
assay fish acclima. 
tized lor 2 weeks in  a 
synlhetic dilution 
water. 

sbtic acute bioassay. 
a,c,d,t,g: dichromate; 
fish were acclimated 
lor 2 weeks in  syn. 
thelic dilution. 

static acute bioassay; 
as; using Cu(N01h 

hypertonic seawater 

CuCI: ?Ha0 

static acute bioassay: 
a.c.d.e. distilled 
aerated water 

20 C: pH 8 . 3  

static acute bioassay: 
a.c.d.e.1; CUSOI 

static acute biOaSUy; 
turbid waler; 
a.c.d.e.g: CUSOI 

24-27 C: using copper 
sullatc in  highly 
turbid water 

cupric oiide; static acute 
biedssay a,c,d,e,g; 
turbid water 19-20 C 

CuSO,; a,c,e,l,i,p; 
static acute bioassay 

in  sort water; 18-20 C; 
CUCll 

0.26 ppm Lepomis 
macrochirus 

Cairns Jr. and 
Scheier 1968:S 

110 pprn Trama and Benoit 
1958':s Gammarrs bcuslris sttl ic i t U t e  biOaSsay; 

a,(. CuSO, 
time not specified Nereis virens 

Lepomis 
macruhirus 

Lepomis 
macrochirus 

Salmo gairdneri 

Salmo salar 

juvenile salmon 

Salmo gairdneri 

Lepomis 
macrmhirus 

Pimephales 
promelas 

Pimelomelopon 
pulchrum 

Lcpomis 
macrahirus 

Salmo salar 

Copper .. , . . . . . . . . 1 . O  ppm (6.5 day) 

0.23 mg;l(6 hr) 

0.46 mgll(6 hr) 
3.3 mg/l(24 hr) 

0.74 ppm 

(CU) 
Garterortius 

acuteatus 
Balanus balanoides 

" crenalus 
Oridas 

Lepomis 
macrochirus 

Pimephales 
promelas 

Gambusia aninis 

Gambusia aninis 

Jones 193866 

Pyefinch and Molt 
1 9 4 8 ~ ~ ~  

Doudoron and 
Katz 19513' 

Trama 1954a'?6 

CuClz 

static acute bioassay: 
CuSO,; a 

a,c.e.t,lm: field study 
in  a river 

continuous llow. acute 
bioassay g,c.l: with 
3pg/I Znand 2pg/I 
cu 

i n  very roll water 
(14 mg/l hardness) 

static acute bioassay. a, 
CUSO, 

same as above 

as CN- using copper 
cyanide complex: 
static acute bioassay; 
I$; tol l  water 

conc. as Cu 

5 H ? O  

same as above except 

In hard water; CuSO,. 

in hard water " 

Herbert et aI. 

Sprague 19651l0 
19655: 

Turnbull e l  aI. 
19541'0 

Palmer and Ma. 
loney 195590 

Wallen et al. 
1 9 5 7 1 ~ ~  

Wallen et aI. 
l957Ia3 

Wallen et aI. 
1951"' 

1urnbull.Kemp 
i 9 s . w  

Academy 01 Nab 
ural Sciences 
1960' 

Cabcjrzek and 
Stasiak 196OE 

Fujiya 1 9 6 0 4 1  

Fujiya 1960," 
1961'4 

Tarzwell and Hen. 
derson 1960l:l 

Sprague and Ram. 

Cop  1966': 

Cope 19668: 

rry 1965l's 

DOUdOrOn el  II. 
19663' 

32 (time not 

0. IM ppm (2 day) 

2.1100 ppm (2 day) 

l . 5 p p m  

given) 

15 mg/l 

56,000 pprn (2 day) Gambusia aninis I.?ppm 

1.14 mg/l 

10.2 mg/l 

0.048 ppm 

3.0 ppm 

Pickering and Hen. 
dlrSOn 1966" Salmo iairdneri 

(fa) 
Lcpomis 

macrochirus 

Daphnia magna 

Japanese oyster 
oysters 

Pimcphalcs 
promelas 

Lapomis 
macrahirus 

q s t c r s  

I 
8SA:a: incipient lethal 

level with 0.600 Zn 

bioassay. a.c.e.1: 
20 C; intermolting 
stage 

same as above; adult " 

myf ish used 
same as above; juvenitc " 

myf ish used 
same as above; re. 

mntly halched young 
which remained c l i ng  

female during 1st 

Oraonates rusti. lime not given Hubschman 196768 

Sigler el al. 1966"' 

Orconcctes N S t i U S  COnhlUOUS flow 1CUte Hubschman 196158 

in1 10 plCOpOdS Of  

mOlt were used. 

tlls 8mbVo 

I 
I' 
t 
I 
1 

Copper sulfate 
p~ 8.2; 12 c 

static acute bioassay; 
a,c,d,l, hard water; 
cuso, 

same as above using 
roll water 

same as above using 
hard wqter 

same as above using 
sol1 water 

c ~ C h . 2  HzO 

1 .O ppm (1 day) 

1.0 pprn (6 day) 

1.0 ppm(6 day) 

Fujiya 1961" 0.25 mi/ l  
Linnmlrilus hen. static acute biorssay; Wurtz and Bridges 
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TABLE I-Continued 

condben t  lsute dma 96 hr LC50 Species Conditions Lileratnlo citation' 

1.04 ppm 

26.0 pprn Lepomis 
mauahirus 

5.2 ppm 

5.2 ppm 

430 m i l l  adull minnows 
410 mg/l Pimephales 

promelas 
U.Ortll Pimelomrlopon 

pulthrum 
15 r l / l  

0.19M.115 ppm Nihschia l iner is  

1.25ppm Lcpomis 

0.2 m i l l  (U hr) 

IO mg.'l (U hr) 
I00 mg/l" shore crab 
I mgil" cockle 
430PI!l Pimelomelopon 

(5 day) 

-..___. ..... 
ln.UVcllll Y. 

Perusus duorarum 

Penaeus adecus 

pukhrum 
410 r~~~ 

1.1 mg/l Capeloma daisum 

0.039 mg:l Physa integra 

copper sodium dtralo 

copper ad ium cilrato 

copper sodium cilrato 

pH1.0-8.2 

pH 1.M.2 

pH 1.04.2 
coper sodium c i ta to 
pH 7.0-0.2 

coppor sodium dtralo 
pH 1.2-6.2 

stalic aculo bioassay: 
a.c.d.e.l 

static acute bioassay. 
a.c.d.e: Cu++; Rsh 
aKliIIUtized 2 w k t  in 
q n .  diL water. 

Mtic acute bioassay: 
a.c.d.e; llsh acclima- 
tized 2 wks in  qn.  
d i l  water coppr- 

coppr acetic acid; all 
flsh aalimatited 2 
wks. in qa d i l  water. 

a.rd.e: static acute bio. 

except that coppr. 
acetaldehyde was 
used. 

same as above eicapl 
Ihal acetone; copper 
mixture was used 

---. - .._̂  -_ .Le". ..-, ...,. ........ 

static lest 
continuous flow bioassay 

Wisely and BGch 

Wisely and Bflck 
IW7"' 

19611" 

Brown I96017 

Cairns Jr. and 
Scheier 13618 

Cairns Jr. and 
Scheier I%@* 

Mount 1 9 W  
Mount 19689 

sol1 water; static bin. Meunl and Slephen 
assay 19693' : " continuous flow " 

bioassay 

a m :  CuCh 136W 
static acute bioassay. 

same as above 

in  Ihe dark; 15 C; 

Patrick at al. 

Portmann 1968" 
CUSOl 

static bioassay: turd 

continuous flow bin. 

soft w a l u  M h u r  and Leon. 

soft waler M h u r  and Leon. 

Mount and Slephen 

Mount and Slephen 
wale1 1969" 

assay; hard watcr 1369" 

ard 19103 

a d  19108 
0.20 mg/l Gammrus pseudo. all watu  

U hr Salmo pi rdner i  ...................... Brown and Oallon 

1.2 mg/l Fundulus 20-22 C; no lording Jackim el  a1 

limnaeus 

1910'8 

haleroclilus during Ihe 96 h r r  1910' 
asratad water 

(Soo also pobssium and sodium 9 a n i d a )  
Qanido.. ........ 0.3 ppm (5.25- Rhinichthys alralu- ferro- and fcrricyanides Burdick and Lip- 

( C W  1.5 hr.) Ius and Semotilus used. Conh as 91. whautl 1Wl 
a l r ~ m a c ~ l a t ~ s  nide used; daylight 

adult Woker 1948"' 

~ C r K h i l l J S  1954"O 

0.33 mg/l ( I4  mia) Corqonusartrdii ...................... Wuhrmann and 

0. I 8  mp/l(24 hr) Lapamis i n  all waler Turnbull e l  a1 

0.06 ppm(1 day) Lepmis aurillls continuous flow and Renn 1955l" 
static acute hioawys: 
a 

0.01-0.06 ppm Lepomis same as abw; static " 

macrochins only 
same as above: contin- " 

( < I  day) 
0.OM.06 ppm 
(<I dal) uous now 

Constitneat k u l o  dow 96 hr L E 4  Soda Conditions Lileraluro citatiw' 

Microplerus 
glmddM 

Pomous annularis 

Pomosis annularis 

Pimephalos 
promelas 

0.19 ppm (48 hr) " 

0.18 ppm Pimephalos 
promdas 

0.23 ppm (24 
hours) 

0.21 ppm (48 hr) " 

O. 11 ppm 

0.2 mg/l ( I1 min) Salmo tairdntri 

-2c!ac!i?2r 
O.IZ-0.18 mg/l LCQOmiC 

0.16 mg:l 

0.01 mg/l (48 hr) 
0.18 ppm Lepomis 

Salmo pi rdner i  

macrKhirUs 

0.026 ppm 

0.019 ppm 

4 .14  ppm 

0.026 ppm 
3.90 ppm 

static acute bioasny. a " 

slatis acute bioasny: a '' 

continunas flow bio- 

NaCN; conh as CN; 
assay; a 

Doudoron e l  a1 
20C 1 9 W  

conc. as EN-; NaCN; " 

conh as CN-; NaCN; " 

conh as CN-: NaCN " 

I' plusO.l2ppm " 

"plusO. l l  ppm " 

" plus 0.C3 ppm " 

..................... Neil 195187 

i n  hard waler and all 

plus 0. I 4  pprn In 

plus0.13ppm Zn 

Cd 

Cd 

Cd 

Audemy of Hal. 
%!!!!?!e! !'!I! IdrPar 

Ooudoron el  al. 
196Or 

1366'1 
conc. as HCN 

...................... Brown 19681' 
static acute bioassay: Cairns Jr. and 

a.c.d.s; a11 flsh ac. 
tlimatized 2 weeks i n  
syn. dil. water 

weeks i n  syn. si1 
walcr: static acute 
bioassay: a.c.d.e 

same as abovs: CN.Cr " 

complex ussd 
same as abovs: CN. 

napthsnic add mix. 
!n!e 

same as above: CN used " 

same as abovs; C N 4 n  " 

Scheier 1 9 W  

all llsh aalimatized 2 " 

complai ussd 
0.432 ppm Phyu  heleroslropha static acule bioassay: Patrick tl a1 

0.18 ppm Lepomis 
nUCrKhirUS 

(See also Manpnssa (Mn)) 

(F) 
fluorine .......... 64 mg'I(10 days) llsh 

2.1-4.6 mg/l Salmo gairdnui 
(218 hrs) 

Cyprinur carpi0 15-91 m i l l  

222-213 ppm SaImo gairdneri 
(424 hrs) 

242-261 ppm 
(214 hrs) 

no1 given) 

not givcn) 

no1 given) 

(As) no1 given) 

(io) 

2 . W . 3  m i l l  (time Salmo p i r d n u i  

2.b6.0 mg/l(time " 

5.9-1.5 mg/l(time " 

6oId.. ........... 0.40 m;/l (time slicklebtk 

Iron .............. 14 ppm (2 day) 6amBusa anlms 

133 ppm (2 day) 6ambuda afiinis 

as.( 1968" 
asme as above 

using KF T a r n v s l l I 9 5 1 ~ ~  

usin1 NaF; 55 C; 3.0 

using NaF: 3 ppm Ca 
and MI: 65-15 F 

3 ppm Ca and MI: 46 F 

1 ppm Ca and MI: 55 F 

I 8  C: in  so11 water using Angelovic al  a1 

13 C; i n  sol1 water using 

1.5 C: in  roll water 

...................... Jonss 1333~' 

sum acuia otoassay; waiien si a i  

Neuhold and S i W  
pvm Ca 1950" 

" 

" 

" 

NCF 1961' 

NaF 

using NaF 

" 

a.c.d.s.g high lur. 19511Y 
bidily; FsCb 

static acula bioassay: " 

Fe2(SOh a.c.d.e.g; 
turbid w a t :  19-21 C 

Fe:O,: a.c.d.e.i; 
lurbid waler; 16-23 C 

static acute bioassay: " 
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Ajpendix III-Table 1/455 

TABLE 1-Continued 
~ 

Conttiluent Acule dose 96 hr LC50 SpedcS Conditions lilct'Bhl~ citation* 

Iron ... 
(Fe) 

~ 

10,wO ppm (2 day) I' Ntic acute bioassay: 
a.c.d.e.g; FeS: turbid 
waler: 20-26 C 

comp'd used was 
FeSOA. 20-21 C. 

I.C. tlandard rel. 
waler; FeCb 

350 ppm (2 day) " same as above excepl 

36 ppm (I day) Daphnia magna slalic acute bioassay: 

21 ppm (2 day) 
15 ppm 

mayflies. stoneflier, conslanl Or; pH and 
hardness 

a,(. using Pb(N01)z 
rlahc acule bioassay: 

in lap waler . 

Wallen el al. 
1957's 

Dowden and Ben- 
ne1 1 9 6 8 9  

Warnick and Bell 
1969'3' 

Jones 193865 

Turnbull el a1 

bad . .  ........... 0.3 ppm ( 4 %  days) 

1.4 mg/l (48  hr) 
(Pb) 

caddisllies 
Gasferosleur 

aculeatus 
Lepomir 

macrochirus 

Gambusia aninis 

75 mg/l Pimephales 
promelas 

3.2 mg/l 

> 100 mg/l 

26 mg/l (lime no1 

240 ppm (2 days) 

Carassius auralus 

Gambusia aninis 
given) 

56,000 ppm (2 day) Gambusia allinis 

0.34 mg/l(48 hi) Ltitkleback. 
Oncorhynchus 
kisulch 

0.41 mg/l(24 hr) Oncorhynchus 

0.53 rng/l(24 hi) flicklebackr 

>75 ppm Pimephaler 
promelas 

kisutth 

2.4 ppm (24 hrs) " 

7.48  mg/l Pimephales 
promelas P 
Lepomis 
macrochirus 

5.58  m i l l  Pimephales 
promelas 

482.0 mg/l 

23.8 m i l l  Lepomis 

442.0 m i l l  

31 .5  mi l l  Carassius auralus 

macrochirus 

20.6 mg/l bbistes reticublus 

49.0  ppm ( I  day) tubificid worms 

27.5  ppm (I day) tubificid worms 
27.5  ppm(1 day) tubiflcid worms 

3.12 mg/l Salvelinus lontinalir 
Fundulus 
helerixlilus 

Salmo gairdneri 1-3 ppm (48 hrs) 

"; Pb(N0dt 

Pb(N03)? used in  Wallen elal. 
hirhly turbid water 1957'33 

i n  hard waler Tanwell and H e n  
dcrson 1956.13 
1960':' 

,I : i n  sol1 water; PbCI? 

i n  hard water: PbCh " 

PbSO, used Jones 195767 

slalic acute bioassay; Wallen et al. 

used 

used 

a.c.d.e. turbid water 1957'1a 
Pb(NO2)z 

slalic acute bioassay: " 

a.c.d,e.g: PbO: high 
turbidity 

IOOC-3000 mg,4 01 dis. 
solved solids 

Gill et al. 1960'7 

1000-3000 mt!l dir- 

1000-3000 mg/l dir. " 

slalic atule bioassay; 

solved solids 

solved solids 

a.c.d.1. hard water; derson 1960lg'  

PbC1: 

soft wale1 

c.d.e,l. sofl water: derson I965.O5 
lead acetale 7 . 8  mg/l 19669; 
DO: 18 m i l l  I l k ;  
20 mgl l  hardness 

slalic acule bioassay: 
c.d,e,f; conc. as Pb; 
PbCI? used. sol1 water 

same as above with hard 
water 

same as above wilh roll 
water 

same as above with hard 
walet 

same as above with roll 
waler 

same as above with soft 
water 

Nlit acute bioassay; Whilley 1968"' 
a.c; Pb(NO&pH 6.5 

Tirrwell and Hen- 

same as above using " 

static acute bioarsay: Pickering and Hen. 

Pickering and Hen. 
derson 196503 

" 

" 

I' 

" 

" 

rtrtic aculc bioissay; Whilley 1968'3s 

...................... Dorlman and W h i t  
a,c, Pb(NDi)r 

worth 19693' 

...................... Kariya elal. 196960 

Conrlitucnl Acute d m  96 hr LC50 Sped6 Conditions literature riblion' 

Manganese 
(Mn) 

Mercu ry... 
( H I )  

t a d . .  ........... doneflier, mayflies 0,; pH and hardness 
(Pb) are consbnl 

188.0 mgll Fundulus 20-22 C: no feeding dur. 
helerixlilUr ing 96 hours: aerated 

water 

Matnesiurn.. ..... 16.W mg/l Gambusia aninis i n  turbid water; 
(Mg) MgClz.SH,O 

17.750 ppm (2 day) Gambusia allinis BSA: a.c.d.e,t; lurbid 
water MgCh 

1 5 . W  ppm (2 day) Gambusia aninis BSA; a,c,e,d,g; turbid 
water MgSO, 

3,391 ppm (I day) Daphnia magna BSA; a$, standard 
rclerence water: 
MgClr 

BSA; as:  standard 
relerence water; 

3 ,489  ppm 
3.803 pvm 

MgSOi 
19.000 ppm (I day) Lepomis same as above 

macrochirus 
10.530 ppm (I day) Lymnaea sp. (eggs) same as above 

- 
(See also Potassium ocrmancanale) 

....... 
r - .  

5506 mgll(24 hrs) 

500 mg/l(48 his) T i n o  ttnca 

lo00  mgil (time not fish 

7.850 m i l l  (24 hrs) Oriiiar 

1 . m p p m  Cypr!nus carpio. 

fish, young eels 

given) 

killifish. Daphnia, 
Salrno gairdneri 

Warnick and Bell 
l969lu  

Jarkim el 11. 
1970'4 

Wallen el a 1  
1957133 

Dowden and Ben- 
nen 1965'9 

Dowden and Ben. 
nett 196539 

MnCI? lwao 1936"3 
Oshima I9?ls9 

MnF? Simonin and Pler- 
ron 1937"5 

MnSO,, H?O: cone. as Meinck el al. 

MnCI? Doudorofl and 
Wall 195337 

..................... Tabala 1969'?1 

M n  1956:' 

5 mg 'I (75 hr) 

0.05  mg!l(2.5 hr) Acnia clausi conc. as Hg pH 8.1 

0.30 mg 'I ('3 Elminius conc. as Hg  pH 8.1  
800 mg 'IC') Arlemia conc. as Hg  pH 8.1 
I mgil (22 hr) M e m i a  salina conc. as Hg using 

0.9-00 mg/l phyloplanklon 

Arlemia salina conc. as Hg using 
Hgl?; pH 8.1 

HgClz pH 8.1 

0 .027  mg!l (time 

0.04 mgil  
0.05 mg!l 
U.3B mgt i  
0.02 mg/l 
0.15  mg!l (48 hr) 
2.6 ppm (24 hr) 

6 . 5 X l V  M 

9 . 0 X l O P  M 

5.0X10- '  M 

not given) 

(2 hours) 
1 . 0 ~ 1 0 - ~  M 

(2 hours) 
7 . 0 X l P  M 

(2 hours) 
6.OXlW' M 

(2 hours) 
9 . o x l W '  M 

(2 hours) 
0.1 m i l l  (48 hr) 
6 mg /I (48 hr) 
1 mg/ l (U  hr) 

IO mgIl(48 hr) 
26 ppm (24 hr) 

0.23 m i l l  

Corner and Spar. 
row 195W 

Corner and Spar. 
row l956'> 

Hueper 196059 

bivalve larvae HgClr(O.02 mg/l 01 Woelke 196l'3* 
HI )  

Rhodeus reriteus .................... Mahcea 1966" 
gudgeon .................... Malacea 1966'6 
iyprinur o i p i u  . . . . . . . . . . . . . . . . . . .  " 

Daphnia ...................... 
minnow ..................... 

Ambassis salgha conc. as HgCh Ballard and Olin 

Mytilus eduols pH 7.8-8.2; HgCh Wisely and Blick 

Crassostrea com. p~ 7.ba .2;  HgCl? 

Wallersipora pH 7.8-8.2; HgCh Wisely and Blick 

Buluga neritina pH 7.8-8.2: HgCh Wisely and Blirk 

Spirorbis hmellosa pH 7 . 8 4 . 2 ;  HgClz 

Galeolrria com. pH 7 . H . 2 ;  HgClz 

Arlermia sanna pH 7 . 6 8 . 2 ;  HgCIt 

pcnaeus duorarum 15; in the dark; HgCh Porlmann 19689' 
Panreus azleEus 15 C: i n  the dark; HgClt " 

Hemignpsis 

Clinocardium nuttrlfi " 

Daphnia magna b k e  Erie nler in B l l l l r d  and OliH 

196910 

planulatus 1967'5' 

mercialis 

wcullala l967laT 

1967"' 

mercialis 

oregonensis 

Ambassia salgha sealed conlainerr: 1969," 

Fundulus 20-22 C; no leeding Iarkim et al. 

aerated water 

HgClr 

helerffililus during the 96 his; 19706' 
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TAB LE 1-con tin ued 

Constituent ACUO do- 96 hr LCSO Specia 

Molybdenum.. . . . . TO mp/l Pimephala 
(Mol promobs 

310 mg/l 

Nickel. .. .. . . . . . . . 0.8 mI / I  (tim3 cot sticII:bcks 

0.S mal l  Pimephales 
promelas 

1.0 mg/l (time not sticklebacks 

(Ni) given) 

Pimphaulor 
promebs 

Salmo gairdneri 

Pimephatos '' 
promelas 

Conditions 

MOO,: pH 1.4: AIL. I8  
mgll; hardness 20 
mgll: sol1 waler 

360 mall; hardness 
400 m i l l ;  hard water 

concdntrition a t  tii: 
Ni(NO1)l 

BSA: a.c.d: nickel cya. 
nide compler syn 
sol1 waler 

conwnlration as Ni; 

MOO,; p~ 8.2; AIL. 

?.:%!is 
macrochirus 

Carassius auntus 

Lebislss reticulalus 

SaImo glirdneri 
Salmo trulta 

isia c 
BSA; a.c.d.1; hard 

waler nickelous 
chloride 

same as above using 
sol1 water 

fleld study on a river: 

BSA; c.d.e.1: roll waler; 
nickel chloride; corn 
I S  Ni 

J,C,O,f,bIl 

same as above using 
hard water 

Literature titatior 

T a m e l l  and Hen 
d a m n  1956ln 

Murdak  195W 

Doudoron el a 1  
1 9 W  

Jones 19376' 

Tirzwell and Hen. 
derson 19501" 

Herbert et IL 
196551 

Pickering and Hen 
derson 1965.U 
196W 

same as above using " 

same as above using " 

same as above using " 

BSA; 1.1; NiSO, Willlord 1 9 6 W  
BSA: a.1; NiSO, Willlord 19W' 

hard waler 

soll water 

soft water 

Salvelinus lontinalis same as above 
Salvelinus same as above 

lctalurus punctalus same as above 
Lcpomis same as above 

namaycuth 

macrahirus 
D." ..,,. *., ......- 3s  *. i- ..- .--.. . _..__ ". """,.,",,, I. ", 111 ( I I W  Y.,.. 

NiSO, 
Penacus az laus " 

Hemigrapds orego- " 

nensis 
Clinourdium 

nullalli 
SaImo gairdneri . . _ _  ._ .  . . ._.  _ _ _ .  . . . _ _ ,  

Sen dsa sodium ni lnte  
N i b l o  .....__.... 64 hours 

( N M )  
Daphnia magna 25 C: Ltke Erie water: Anderson 1948n 

daphnids 8-hours old 

water; NaNO, t951'U 
8 .  I mg/l(24 hours) Gambusia afflnis 21-24 C: i n  highfy turbid Wallen e l  aI. 

9.5 mai l  (48 I 

pH.. .-. . . . . . . . . . . 1.3 ppm (45 ndn) 

96 hr) 

IctaIurus punctatus static acute bioassay: 
as. H:S; Using ad- 1961" 
nnced Ilngertinfs 

adulls 

HCN: a.c.d.n,I.o 

Bonn and Follis 

I. 4 ppm (45 min) " same as above. using " 

0.07 ppm (2 day) Salmo gairdneci sbtic acute bioassay; Brown 196111' 

IO mg/l bout _ _ _ _ _ _ _ _ _ _ _ .  . . . . . . . __.  Betdim 19211l 
pH 4.0 (time no1 ._. . . . . . . . . . . . . . . . . ._. Jones 1939' 

iii i.65 0 d q j  iepomis wnnnuous 11011. awl0 Cairns Jr. and 

Cansius auntur 
given) 

mauahirus bioassay HCI; a . ~ n , l  k h e i a  unpub- 
lished I W 4 3  

0.069 w m ( l  day) lagondon static acute bioassay: Oaugherty and Gar- 
rho rnb ida  HCN; aanted sea r a n  I%I= 

water; a; 

static awl0 b i o a w .  
HCN 

aerated sea wata: Ganen I S W  

Conrfilueat We d o a  96 hr LCSO S p d a  Conditions Literature tilation* 

pH ... . , . . . . . , . . . . 282 ppm (2 day) Gambusia afflnis static acute bioassay: Wallen et IL 
HCI: turbid water; l957ln 
a.c.d,e,r 

pH 10.5 Lepomis nuzirnum pH Cairns Jr. Jnd 

pH 3.5 Lepomis a.c.d.e.i; d i r t  aerated Cairns Jr. and 
macrahirus Scheier 1 9 W  

MUOChirUs water; brae flsh Scheier 19597  
used: 14.24 cm 
length M C 

i n  distilled water; HCI 
in hard water. HCI 

LaClcrc 19W7l 66 mall  (6 hr) minnows 
100-110 m l / l  minnows 

0.16 ppm(1 day) lepomis iuveniles used; HCN; Ooudoron el aL 
(6 hrs) 

nuuah i rus  static acute bioassay: 1 9 6 V  
J,C,d,f.P; 

1.0 ppm (20 min) Ictalurus Punctabs static acute bioassay; Bonn and Follis 
flngerlinls as.  H:S 1961" 

Phosphate., . . . . . . 24 hours Lepomis 22f0.2 c AbeU 19501 

Wmbussia allinis turbid wala: 19-23 C; Wallen el aL 
(POP)  MUEhiW 

NaH2PO' 19171u 

Phosphorus.. . . . . . 0.105 ppm (2 day) 
( P) macrahirus 

Lepomis 

0.053 ppm (3 day) " 

0.025 ppm 
Potassium,. . . . . . . 2.0 ppm (2 day) 

0.5 ppm (2 day) Stsnonemr 
2010 ppm Lepomis 

3.0W ppm 

450 vpm 

Hydrepsyrhn 
(0 

macrahirus 

630 ppm 

5.50 ppm 

0.22 ppm(1 day) RNnichithys 
alralulus 
meleagris 

0.45 ppm Lapomis 
CUCIKhirUS 

320 
4.m ppm (2 day) 

480 ppm (2 day) " 

Gambusia amnis 

turbid water: 19-24 C; 

turbid water; 17-22 C; 
NalPO, 

O S i ;  as,n,e,g: turnlo 
waler phosphoric 
acid: 22-24 C 

BSA: a.c.d.e.l.Lh.i.i.k. 
n.o; colloidal pre- 
moved; 26 C; conc. 
as P 

NaaP:O; 10H:O 

same as above 
same as above 
BSA: J: solt walcr; 

KCN 

BSA; a.c.d.e.l; UCI 

BSA: a,d,s,l: KNO,: 
syn. dllubon water 

a,c,e,l; acraled disL 
walcr; A?CrO,; small 
flsh; conlinuous flow 
acule bioassay 

continuous flow. acule 
bi0aSsa) U?CrO,; 
medium sile flsh 
a,c,e,f; p~ 7.9 Io  8.6 

same as a b v e  using 
Brae 0th 

continuous flow, acute 
bioassay; a m :  UCN 

Wallen el JL 
1951'U 

lsom 1 9 W l  

RobaCk 1 9 6 W  

Trama 1951bll7 

Cairns Jr. and 
Scheier unpub. 
lished 1 9 5 5 ~ * ~  

Liprchuelz and 
Cooper 1955" 

BSA; ax$; KCN Cairns Jr. ISPI 

BSA; a m ;  U & h  
BSA; a.c,d.e.g; lurbid 

BSA: a.c.d.e.g; highfy 
water KCI 

turbid water; 
u?CrO, 

BSA; a.c.d.e.g; UCN. 
turbid water 

BSA; r.c.d.e,& W b i d  
waler; U,CftOr 

BSA; a.c.d.e.g; turbid 
water UNO, 

water UMnO, 
BSA. as: UCN; 5-9 

BSA: 1.0: UCN: 2 ppm 

a x :  !,:.!,!,:: !a!!? 

ppm o w e n  

DO 

Cairns Jr. 195F 
Willen et aL 

1951'U 
Wallen et aL 
1w1= 

Wallen el  aL 

Wallen st aL 
1951'" 

Wallen et aL 
1951'U 

W.'!!.. r! 1? 
1951'0 

Cairns Jr. and 

iwl- 

Scheier 19Wn 

P$sa hetecatropba BSA: J,O; UCN; 5-9 " 

Phlsa hetermtropb3 BSA; a.e; UCN 2 ppm " 

1.08 ppm 

0.11) ppm 
ppm 00 

00 
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TABLE 1-Continued 
~ ~~ ~ ~ 

Consbtuenl Acute dose 96 hr LC50 Spmes Conllions btantura ratabon' 

Potassium ... . . , . . 320 ppm 
(K) 

320 ppm 
320 pprn 
195 pprn 

I ,  337 ppm (5 day) 

940 ppm 

2.010 ppm 
7.8 pprn (5 day) 

16.8 ppm 

168.8 ppm 

550 ppm 

0.51 ppm 

320 ppm 

382 pprn 

369 pprn 
320 ppm 

100 pprn (I day) 

0.43 ppm 

0.45 pgm 

0.12 ppm 

1.08 ppm 

320 ppm 

0.49 ppm (2 days) 

117 ppm (2 day) 

Lapomis continuous flow. acute 
Muoth i rus b i ~ t w ~ .  K?Cr,O:; 

aerated distilled water 
pH 6.2; a,c,e,t; 

BSA; 1.0.; 5-9 ppm DO 
" 2ppm DO 

Microptcrus BSA; a.c,d.e; K2Cr0, 

Nibxhia l inur is  B S A  a,c.e; KCI 

Lcpomis same IS abovr 

Physa heterostropha rams as above 
Nibrthia linearis BSA; a m ;  K,Cr04 

Physa heterostropha same as above 

satmnides 

matrochirus 

Lepomis 

Lepomis 
macrochirus 

macrochirus 

Lepomis 
macrochirus 

Salmo gairdneri 

Lepomis 
macrochirus 

sams as above 

BSA; a.c.d,e,i; aerated 
dist. water; K2Cr04; 
large fish used; 14-14 
cm long 

aerated distilled 
water; large fish used 
14.24 cm in  length; 
KCN 

BSA: a.c.d,e.t; 18-30 
C; KCCrtO; 

same ercepl in hard 
water al 18 C 
" at 30 C 

B S A  a,c,d,e,i; 

cm 

BSA; a.b.c.d.e.i; 

distilled aerated water; 

KgCrzO:; RSh 11.24 

BSA; a,c.d.g; K?CrO, 

BSA; a.c.d.e.t; KCN 

BSA; I.% KCN; normal 
oxygen content 

BSA: a$: KCN; low 
orvten content 

Cairns Jr. and 
Scheier 195W 

Fromm and SchiH. 
man t95W 

Patrick cI al. 
196891 

h t r i ck  el al. 
19689' 

Patrick claL 
19681' 

Cairns Jr. and 
Scheier 19592' 

SchiHman and 

Cairns Ir. and 
Fromm 1959"o 

Scheier unpub. 
lished 1955142 

Cairns Jr. 1965?' 

.- 
Physa heterostropha BSA; a,e; KCN; normal " 

water 
BSA; a.s; KCN: low 

orygcn conlent 
Lepomis BSA; a$; K2Cr10:; 

orygan sonirni in  

macrochirut normal DO content 
in water 

DO conlent in water 
Brachydanio reno BSA; a.c.d.c.1; dist. Cairns If. ct aI. 

water adults KCN: 196W 
24 C; 5-9 ppm 

eggs 24 C; b9 ppm 
DO; distilled nrated 
water. 

macrochirus rggs) 

BSA a#; KzCrlO;; low " 

Bnchydanio rerio BSA; a,c,d,e,t; KCN; " 

Lepomis oms as above (no1 

Brachydanio rerio B P I :  a,c,d,c,l; KICr20;; " 

24 C; 5-9 ppm DO 
adults 

ciis 

using eggs 

water KCI nctt 19651Q 

rmcrochirus net 1965"' 

sama as abovc using " 

same as above no1 

Daphnia magna BSA; a& standard id. Dowden and Ben. 

Lcpomis same as above Dowden and Ben. 

1.941 ppm(I day) Lymnaea sp. samsas above 

blsnlurs utaborf Conatuent k u t r  dots 96 h i  LC50 Swat Condibons 

Potassium 
(K) 

Sclenium 
(Se) 

Silver.. . . 
(At) 

Sodium. .. 
(Na) 

. 2 ppm ( I  day) 

0.7 ppm (3 day) 

O.lppm 

796 pPm (I day) 

147 ppm (3 day) 

130 ppm 
705 ppm (I day) 

O.4ppm 
139 ppm (1 day) 

905 ppm (1 day) 

549 ppm (2 dry) 
0.6 ppm (3 day) 
0.1 ppm 
900 ppm 

45.6 m i l l  

11.6 mgil 

27.3 m i  

118.0 mg:l 

133.0 m i l l  

31.5 mgll  

30.0 mg:l 

28.0 ppm (2 day) 

1.5 ppm (2 day) 
4.2 ppm (4 day) 

3.7 ppm 

?. ?? ::m 

17.3 ppm 
ll3.Oppm 

. 2.5 mgil 

. 0.0043 mg/l (tims 
no1 given) 

0.04 mg /I 

0.23 pprn 

Daphnia magna BSA; as;  standard 

BSA: a& standard 

BSA: as; standard 

Lymiuu sp. BSA; a& standard 

Lymnaea rp BSA; as; standard 

mlcraca watcr; KCN 

rdrrenw watcr; KCN 

rdcrenw water; KCN 

rctcrenw water; KCN 

rdrrence water; KCN 

Canssius carassius BSA; a& standard 

Dowdtn and Btn- 
nctt 1965" 

Owdcn and Bcn- 
nctt 1 9 w  

Dowden and Bcn- 

Daphnia magna 
Lcpomis 

macrahirus 
Daphnia magna 

Oaphnia magna 

Pimephales 
promelas 

Pimcphales 
' promelas 

Lepomis 
macrochirus 

Lepomis 
marrothirut 

Carassius auratur 

rcterence water nett 19655' 
K?CI?O: 

same as above 

K?Fe(CN);; BSA; a$: 
standard rderencs 
water 

samc as above 
same as above 
same as above 
BSA; as; KNOJ; 

standard retercnce 
water 

BSA; c.d.c,t; solt watrr; 
K?CrO, conc. as Cr 

BSA; c,d,e,l; sot1 water; 
K?CrzO: conc. as Cr 

samc as above using 
hard water 

same as Jbove using 

same as above using 

same as above using 

roll water 

hard water 

roll waler 

Dowden and Ben. 
nclt 196530 

Pickiring and Hen. 
dcrson 1965Q3 

Pickering and Hen. 
dtrwn 196W 

Lsbistes reticulatus same as above using " 

Hydropsychs and BSA; a: sot1 water; Roback 1965'0' 

1011 water 

Stcnonema KcCrrO: 

Lepomis BSA; KMnOt Kemp el al. 19666' 

Semotilus BSA; KMnO, 

Uilrrchia linearis BSA: a;c;c; K,CrzO; Patrick ct II. 

Physa hrterostropha BSA; as;  KrCrtOi 
Lepomir same as above 

Daphnia 

macrochirus 

~t romacula l~s 

196asl 

macrochirus 
23 C; conc. as Sr: added Bringmann and 

conc. 01 Ag. plactd in  Shaw and Lownncc 
sodium selenite Kuhn 195916 

watcr as silver 1956"' 
nitrate 

luppiss 

20-22 C; no tecding 

aorated water 

Jackim st al. Fundulus 
hclarOClitus during ths 96 hours; 1970" 

static acute bioassay; l rama 1954bl27 Lcpomis 
mauahirus a,d,aJ; synthetic 

dilution water; NaCl 
static aculc bioassay; lrama 1954bl27 

. dilution water; NaNOs 

Lcpomis 
maaochirus a.c.sJ, synthetic 

2 o C  

sotl walw; cone as 196688 
CN 

Pimcphales BSA; 1.c. NaCN; va Doudoron et a 1  
pomslas 

Notropris hudsowut BS1. a,c.d.s; NJASOY BotrhelS and Mr- 
Loughlin 195716 

~Dtropdr hudronius " 

Gambusia amnis static acuta bioassay; Wallen et aI. 
a,c,d,c,E; Na&O: 1 9 5 W  
used: turbid water 
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TABLE 1-Continued 

Constituent Acute dose 96 hr LC50 Species Conditions literature citation+ 

Sodium ........... 18.100 ppm (2 day) " 

(Ha) 
500 ppm (2 day) Gambusia afflnis 

420 pQm (2 day) " 

925 ppm (2 day) ': 

IO,WOpprn(Zday) " 

2.W ppm (2 day) " 

750 ppm (2 day) " 

9.500 ppm Lapomis 
mauahirus 

9,000 ppm Lepomis 
mauahirus 

0.35 QPm Pimeptulas 
promrtas 

0.23 ppm 

0.15 ppm Lepomis 

0.18 percent NaCl Daphnia magna 

0.11 percent NaCl Daphnia magna 

0.50 percenl NaCl Daphnia magna 

5.3-7.5 ppm Salmo gairdneri 

macrochirus 

12 hrs. 

(24 hrs) 

(72 hrs) 

(2 days) 

2.E-6.0 ppm 
(2 day) 

6,200 Qpm limnodrilus 

7.500 oom 
hollmeister 

BSA; a,c,d,e,g; turbid " 

BSA: a.c.d.e.g; 

BSA; NatCrrO,: 

BSA; a.c.d.e.g; NaF; " 

static acub bioassay: I' 

water; using NaCl 

Na'CrO,; turbid water 

a,c,d,e,g; turbid wafer 

turbid water 

a.c.d.e,g; turbid water; 
NaNO, 

wab ;  NiSiOI 

lurbid wafer 

distilled water sduio 1w.m 

BSA; a,c,d.q turbid " 

BSA; a.c.d.8.g: Ha& 

a,c,e,l; NaNO); aenled Cayns Jr. and 

195F' 
BSA; a.c.d.e.i; aerated " 

water; distilled; 
NaNOa; targe fish 

BSA: c.d.e.1; NaCN 
hard water 1959's 

u m e  as above using " 

same as above using 

NaCl at 25 C 

NaCl at 25 C 

NaCl a1 50 C 

BSA; a; 45 F; NaF 

Henderson at aL 

........... .",. ".... 
Hendtrson et a1 

Prasad 195998 

P n u d  195998 

Pnsad 195998 

Academy 01 Nat. 
ural Sciences 
1960' 

hard water 195949 

BSA; a; 55 C; NaF 

BSA; 1.c.d.i; NaCl Wurh and Bridges 
19611'1 

...................... .... ..-. ,._ ......... i . i j ; p p a  clVuUUell4 QulILuU ...................... " 

3.200 QFm Helisoma 61; a.c,d.i; NaCl 
campanulala 

3.MO ppm Gyraulus ...................... 
circumstrislus 

5,100 ppm Phyu h8terOStrOpha ...................... " 

6.200 QQm Physa hetermtropha BSA; a.c.d,i; NaCl WurU and Bridges 

1.100 nom Sotueriumcl. tenue ...................... " 

1961141 

1.1Mvpm 
8.2% PQm Asellus communis 
24.000 Q P ~  Argia sp 

1.0 pcrcenl Nais rp 

60.0 ppm (2 day) Cardnus maenas 

26 ppm Salmo pirdnwi 

30 PQm Lepomis 

(36 mins) 

m a u a h i m  

14.120 ppm(1 day) Daphnia mama 
45 ppm ~ M O N r r l S  

11.723 ppm(2day) Daphnia maw 

22 QPm Daphnia rmrm 

0.15 ppm 

...................... 

...................... 
same as above udng 

hard w te r  
BSA; a.1; turd water; Learner and Ed- 

NaCI wards 1 9 b P  
BSA; a; Na?CrO, Raymount and 

BSA; a; NaAsOt; Cops 1 9 W  

BSA; a; NaAsO!; 

BSA; a; NaAsOt; 60 F 
static acute bioasay: 

as. standard referem neH 1 3 W  
water; Cone. as 
NaSiO, plus 950 ppm 
NaHSO, 

same as abow. but vvitb 
185 ppm NaHSO, 

same as above. but with 
15 ppm NaHSOc 

BSA; a s ;  standard 
rderem water; SODL 
as NatCrO,; plus 
187 ppm NatCO, plus 
88 ppm NaSiO, 

Shields 1962'- 

55-75 F 

55-75 F 
Copa 19691 
Oowden and Ben- 

11 

- 

Constitnent Acute dose 96 hr LCY) Species Conditions Liloraluro dtatie 

76 pym 

Sodium ........... 0.19 ppm Daphnia magna B S A  a.c; standard r d  Dowdon and Boo. 
(Na) wter: co rn  as Nar. nnll196P' 

CrO,; plus 240 ppm 
NatCOa plus 2.070 
ppm Na&O, 

water; c o r n  as Ha. 

NatCO,; plus 1,396 
ppm NatSOd 

walp  

OayBiia mz;e 0.511; a s ;  Pnd;rd ref. " 

Sios: plUS 161 Qpm 

9,000 ppm (2 day) Hydropsycho BSA; a; NaCI; roll Robch 19651a 

2.500 ppm (2 day) Stanooewj 
11.150 ppm (I dw) Cmu ius  c l n u i U S  BS1; a; c: NaCl; Dowden and Brm- 

10,500 ppm (1 day) Culex sp (larvae) " 

6,447 ppm (I day) 

14,123 pirm (1 day) Lapomis 

3.412 ppm (I day) Lymnaea sp (eggs) " 

18.715 ppm(1 day) Mollieneu latopinna " 

0.21 Qpm Daphnia magna BSA; as; standard rd. " 

m d a r d  ref. wate n e t I 1 9 W  

otphnia maw 
BSA: standard a,c; NaCI; rd. water 

Dowden nat 196ys and Bon- 

macrahirur 

water; Na&rO,; plos 

nwo I above; cone. as 
N a t W l  plus 3.044 

!=.?=a !!SC: 
" 0.28 ppm 

Qpm wd?sor 

22 ppm (1 day) Daphnia magna BSA; 1.c; Na.W&; Dowden and Ben- 
standard ref. water nil1 1969' 

4.206 pQm Daphnia mama BSA; ax; standard 
relerencs water; 
NaNO, 

12,840 ppm(1 day) Lepomis BSA; a.c; NaNOi 

6,375 ppm (I day) Lymnaea sp. (eggs) " 

5,950 ppm(2 day) " BSA: a& NaNOa; 

3,251 ppm 
895 ppm (1 day) Amphipoda 

630 ppiil G-4 :;is; +Ii;= ;p. :m 8::: i.:; u:sioi; 

rnacrochirus standard rd. water 

standard rel. water 

BSA; as; NaSiOi 
standard rcl. WatU 

standard ref. water 
16 ppm(1 day) Daphnia magna standard rcl. water; 

NatS; a$: BSk 
13 PQm (2 day) 

36.5 ppm (2 day) Salmo pirdnari static acute bioassay; a, Cop 1 9 W  

U.0 ppm (2 day) Lepomis same as above 
m u a h i r u s  

W.0 ppm (2 day) Pteronarqs same as above 
ulilornio 

9 ppm 

NaAsO! 

1.8 ppm (2 day) Daphnia MgM same as abow c o p  1 9 6 P  

Simatphalm 
SerNtatvS 

Lepomis 
macrahirur 

Salmo pirdneri 

same as abow 

BSA; a.c.d.i.g: NaAsO! 

BSA: NadrOt; a.c.dj.g 

Field study4nu; 

same as abow 
same as abow 

static rcuta bioaw: 
a.c.d.e.f; NaArDr 

static aclm bioasnY; 

nmo as abom 
static tub bionrsp: 

a.b,e; NaArDa 
BSk a.c,e; N a a  

BfA; a.c,e; Nacl 

a.c.1.i.m; NadrOa 

8.0 N & h  

Sandm and Cop 

Atabarto 1967' 
tw- 

Hugher and Dans 
1967'0 

Patricb ot nl 
1ssBp' 
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A p j m d i s  III-Table  7/459 

TABLE 1-Continued 

Coartilusnt Atuta dose 96 hr LCSO Spcia Conditions Literature dbtion* 

Sulphide 
(ta rcdium sulphide and hydrqen sulphide under sodium m d  hydraen (H')) 

llbnium ... 
(Ti) 

Uranium.. . , 
(U) 

Ytnadium.. 
(n 

zinc. . . . . . . 
(Zn) 

...... 

...... 

,..... 

...... 

im vvm Fimephales 
promelas 

8.2 ppm 

1.1 ppm Fimephales 
pomelas 

1.1  ppm 

lU vvm 

2.8 pvm 

55 vvm Pimephales 
promelas 

13 vvm 

UI vvm 

4 . 1  ppm 

55 vvm Lspomis 

6 vvm 

0.7  ppm (4.5 days) Gasterosteus 

maaahirus 

0.072 QVm (M br) 
26 ppm (24 hi) 

34 vvm (18 hr) 

11 vvm 

4.11 ppm 

1.4  ppm 

0.54 ppm 

0.6 ppm 

2.861.63 ppm 

ICU ppm 
7 . m  mg/l 

1.5 mg/l 

1.02 mgll 
1 b 1 2  ppm 

2.9-3 .11pp 

%I2 QQm 

I .W.6ppm 

1.02 ppm 

1.8 ppm 

0.7%-1.n ppm 

2.S5.n pgm 

0 . 6 2 4 . 7 8  ppm 

Z.lW.36 ppm 

aculeatus 
Daphnia magna 
L l m o  gairdneri 

fingerlings 

L l m o  gairdneri 
nngerlings 

iepomis 
mcrochirus 

lepomis 
MC(DhiNS 

bpomis 
INUEhiNS. 

ldUl1 

Lcpomis 
mauahirus 

(adult) 
Lspomis 

m a a h i r u s  

BSA: a,c,d,l: titanium Tamell and Hen- 
sulltle: hard wafer derwn 1 9 W "  

same as abn using 
so11 water 

BSA: a,c,d,l: uranyl 
amble roft water 

ome IS above using 
uranyl ni ln te  

BSA: a,c,d,t uranyl 
sulfate hard water 

oms IS above using 
aft water 

pntoxide hard water 
oms IS above using 
dl water 

BSA: a,c: nnadyl  
sullate hard water 

m a  IS above using 
sol1 water 

same as above using 
hard water 

same IS above using 

BSL: 1.c: zinc sulphate 

lake Erie water; 25 C 

hard water 

hard water 

BSA; a$: nnrd ium 

wII water 

19601" 

Trmcll and Hen. 
derwn 195,PU 
1960"' 

loner 193966 

Anderson 19416 

Goodman 1951" 

Goodmin 1951'8 
Biomphalaria biossyi 14 C; pH l . k t O . 2 :  

17 C; pH 7.1&J.2;  

Honman and 
oiygenated tap wale1 Zlkhary 195166 

oxygenated tap water 

oiygenaled lap water 

orvienaled 

zoc: p~ 7 . a r t o . z ;  

Biomphabria biossyi 21 C: pH 7.11f0.2; Honman and 
Zakhaq 1951'6 .- 

zinc chlorate m d  sullate 
used. 17.5 C. diluted, 
well water used: 4.5 
w m  Ca 

.I .I I. __.. .._,̂ . 
Io-.)" *, a w l  I.. "I 

18-30 C: hard water 
Nndard dilution watcf: 

10 C: InCI, concen. 
t r i l ion 

sbndird dilution wiler: 

Nndard dilution wter 
Ntit icute bioassay; 

a,c,d,e,l,i,n,1: I11 C: 
hard water 

roll water 

hard water 

m c  

oms as above using 

BSA: a.c.d.c.l.i: 10 C: 

"; wft water 

Lloyd 1960" 

e:ir!!: !r. ?a? 
Scheier 195726 

Ciirns Jr. and 
Scheier 1958:6 
1959:' 
,, 1958:s 

Cairns Ir. and 
Schtier 1 9 W  

Clirnslr. and 
Scheier l 9 W s  

BSA; 1.0; ZnClt: conc. 
as zn*W ppm DO; 

same as above using " 

2 om DO 

Cairns JI. and 
Scheier l9W 

Phyo haterabopha BSA'a.c.d,e.l: 20 C: " 

om as above using " 

BBA; i,c,d,e.;: 30 C: " 

om8 IS aboa udn; I' 

Zn ion 1011 water 

hard water 

Zn ion toll water 

hard water 

Conrtituent k u l a  d m  I hr LWO Spccies Conditions Literature atation* 

Linr ......_...._.. 6.91 ppm 
(Zn) 

1.5 mg/l 

4 . 2 m g l l  

6.91 ppm 

4 ppm (18 his) 

11.4ppm 

1.85 9Qrn 

Lapomis 
W a h i N S  

Lapomis 
RuUDIhiNS 

Lcpomis 
auaahi rus 

Lapomis 
MCIOChiNS 
nngerlings 

Lepomis 
mtClOthiNS 

timnodrilus hull. 
mcistcri 

BSA: ud.e.i: ZnCI:: 
wnc. as Zn+2: 
aerated distilled 
wtcr: b r l e  nsh 

Cairns Jr. and 
Schcier 19597 

011 watrl; 30 C Academy of Nit. 
URI Sciences 
19601 

kademy of N~I .  
UraI Sciences 
1960' 

Academy 01 Na1. 
urd Sciences 
1 9 w  

roll water; 20 C 

hard water: 10 L UI C 

continuous Oow. ItUte Cairns I t .  and 
bioassay: a.c.e.1: Scheitr unpub- 
ZnClr: rarated dis. lished 1955IA' 
tilled water 

B S A  a&#: ZnCI: Cairns 11. 1957:5 
zinc chlorate and sulfite Lloyd 1960:s 

used: 17.5 C. diluted. 
well water used; 4.5 

LO50 value. B S A  a.c.d: Herbert 1961'1 
zinc sulphate conc. I s  
Zn 

BSA: a,c,d,i: zinc sulllte WurU and Bridges 

vvm Ca 

1961'*' 
Physa helerostropha ome as above 
Asellus communis mme as above 
Argia sp. ome as above 
P h p  heterostropha BSA: zinc sulphate 

sbtic s u l e  bioassay. 

static acute bioassay zinc 

same as above 

zinc sullate 

Phyu  heteroslropha oms I S  lbove 
Helisoma 

Helisoma Ntic acute bioassay 
cornpanulab zinc 

compmubb 

same IS above 

Cyprinusurpio pH 7.0-7.2; 28-30 C 

nbp ia  mossambird " 

1.1 m i 4  CO 

Danio sp 
Llmo gairdneri 

Salmo rairdneri 
smolts 

Llmo gairdneri 

net isom 
ampnulata 

Llmo obi 

t ~ ~ t i c  animals 

L l m o  alar 

Lopomis 
nuaahi rus 

Wurtz 1962"0 

Wu* 19621'0 

Sreenivasan and 
Rai 1963'1Q 

BBA: a,c,d,l: zinc Herbert and 

conc. as Zn using 
sulphate Shurben 1 9 6 P  

ZnSOA: changing per. lord 19645' 
cent salinity: hard. 
ness 320 ppm: I l k  
240 ppm: aerated 
water 

ZnSO,: hardness 320 
ppm: Ilk. 240 ppm: 
aerated water: pH 7 . 1  

zinc sullate (3.01 ppm 
Zn) time not given 

I1 C: i n  roll water 
ZnSO,: 0.117 ppm Zn 
time nul given 

bioassay a,c,I: lab 
water had 3 pg/l Zn 
and 2 pg/l Cu 

.. . .. . . .. . ._. , . . .. .. . . Skidmore 1 9 W 6  

wnt. as Zn. LC5Q SQnlUR (9M"' 

Herbert and Wake. 

wnc. as In. using 

13 E: hard water: Raymount and 
Shields t864'05 

continuous now m t e  Schoenthal 196W' 

Value: I n  added IS 
ZnSO, continuous flow 
bioassay; a.c,d.e.l 

11 e; in  so11 water: 
BSA: 1.1 

30 C: in  wlt water: 
BSA: a,f 

Cairns Jr. 196S2' 
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TABLE 1 -Continued 

Constituent ACuie dose 96 hr LCSO Speda Conditions litenturo alation+ Conrtiluent Acute dose 96 hr LC50 Speciar Conditions titeratloo dlatiote 

Zinc.. ............ 6.639.41 ppm 18 C; in hard water: zinc ............. 4.6ppm Salmo gairdneri static acute bioassay. L U  IW* 
BSA: 1.1 (In) c.0; zinc sullato 

30 E; in hard water; 16.0 ppm (5 days) Peru fluiratilis samo as abovo 6.18-9.50 ppm 
BSA; 1.1 11.3 ppm (5 days) Rutilus rutilus same as abovo 

28 ppm (2 day) Brachydanio rerio BSA: a.c.d.e.l; distilled Cairns Jr. el  81 0.4 ppm (1 days) Gobio gobio same as abovo 
(adult) water. aerated: 24 C: 196529 14.3 ppm (5 day) Abramis bnma same as tbovo 

(Zn) 

5-9 ppm DO: ZnClr; lurenils salmon ...................... Srp;uo and Ram- 
co rn  as I n  sq 1965"g 

105 ppm (2 day) '' (91s) same as above 5 X W  M to br).ozoans. tuba- ...................... Wi leb and Blich 
S.Zppm(2day) Lepomis BSA: a.c.d.e.1: aerated " 1.5XIO-' M worms, bivalve 196llrr 

MCrKhimS distilled watel: molluscs 
ZnCl:: COIC. as Zn; Salmo gairdneri alkjlbeIUen0 sulphontte Brown 1 9 1 '  
24 C: 5-9 ppm 00 

a.c.e.l.l.m. 1965,' 4.2 ppm Lepomis USA: a.c.d.e; ln- :  an Cairns 11. and 

used 
3.9 ppm (2 day) Salmo gairdneri lield study. river: Herbed el a1 2.8-3.5ppm BSA; a.c.d.e.t.o Brown et a1 IS@* 

0.96 mg/l Pimepiules BSA; c.d.e.t: sol1 water Fickerinf and Hen. MClahirUS Rsh aKl iMt ized IO1 Scheier 1Wt 
promelas zinc sullafe: conc. as derson 1965'1 2 weeks in syn. diL 

33.4 mg/l same as above using " 1 ppm (32 his) Lebistes reticulatus BSA: a.c.t.n.o Chen and Sellstk 

5.46 mgll  Lepomis samo as above using " 0.15 ppm (63 hrs) Lebistes reticulatus BSA: a.c.f.n.o 
macrorhirus soft walcr 0.56 ppm (96 hrs) Lebisles rsticulatus BSA: a.c.f.n.o 

40.9 mgll  Lepomis same as above using " 4.3 ppm (5 day) Nitzschia linearis BSA; a,c,e: I n c h  Patrick et a1 

6.44 mgil  carasuus caiasuus same as aoove uung 0.19-1.21 ppm Phyv helerostrqb BSA; a.c.e: I n c h  Palrick et a1 

1.21 mg/l Lcbistes reticulator same as above using " 2.8E-3.18 ppm Lcpomis BSA: a.c.8: ZnClt 

0.88 mg/l Pimephales BSA: c,d,e,l: zinc ace- Pickering and Hen. 1.2 ppm (20 day) Lepomis same as above: contin- Pickering t 9 W  

Zn water 

hard water 196a'O 

macrcchirus hard wale1 196891 

sort water 19689l 

hard walcr macrorhirus 

piomelas late; sot1 water: con t  dcrson 1 9 W  marrorhirus uous flow acute bio- 
as In  196634 assay. 1.8 mg/l DO; 

5.37 mg/l a.c.d.e.1 

1.69 mg:l(12 days) Pimephales 10.0 mg/l(48 hr) Penaeus duorarum 15 C: in  Ihe dark, ZnSO, Portmann 196897 

3.95 ppm ( I  day) Pimephales BSA; a,c,d; zinc sullate; " 100 mg/l (48 hi) Pentcut aztaus " 

1.55 ppm (2 day) " same as abovo 
1.83 ppm same as abovs 

same as above 1.11 ppm(7 day) " 

1.63 ppm(12day) " same as above 
0.95 ppm (1 day) I' BSA: a.c.d: zinc sulfate: " 46.0 ppm lubindd worm static acute biissay; Whitley 19681*3 

0.95 ppm(2 day) " 

samo as above 0.81 ppm 
0.81 ppm (1 day) " same as above 
4.9 ppm Pimephales continuous flow acute Mount 1966" 

promelas 

12.0 ppm (20 day) " same as abovo wilh 
5.6 mg:l 00 

promelas (eggs) 19659' cont. as Zn 

promelas lap water for eggs 12 mg!l(48 hi) Hemigrapsis 
oregonends 

200 mgIl(48 hr) Clinocardium 
_...._ 0,: I I Y L , m I I  

lap water. minnow Iq ax. zinc sullate 
samo as above 1.5ppm Pimephales ...................... Rachlin and Ped. 

mutter 19W" promelas 
23 C (inbred strains) " 1.6 ppm 

12.0 ppm Xiphophorus 23 C " 
46 ppm(24 hi) tubilicid worm pH 1.5 Whitley 196811' 

bioassay a,c,d,e: hard- 
ness 50 mg,l: pH 8.0 

hardness 200 mg/l promelas 
and pH 6.0 10 pvm Daphnia TLm. Zn* Tabala 1 9 W 1  

,, same as above wilh 9.2 mg/l Pimephales ...................... Brungs 19690 32.3 ppm 
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APPENDIX III-TABLE 2-Sublethal doses of inorganic chemicals for aquatic organisiris 

Constilucnl ChmNc dow Spciss Conditions Ulcralure Citation 

136 ppm 

d . 7  ppm 

Ammonia.. ._.  , . , . <134 ppm or 
("1) 91 mg/l 

<8.15 ppm 

a 0 6  ppm 

8.15 m i l l  

17 vvm 

IO00 ppm 

IO00 ppm 

50 ppm 

3000 ppm 

1000 ppm 

100 ppm 

1000 ppm 

3000 ppm 

1000 ppm 

100 ppm 

86 m i l l  
75 mg/l 

Daphnia m a p  

Daphnia magna 

Daphnia magna 

Daphnia magna 

Daphnia magna 

Daphnia magna 

Sleurastrum 
paradoium 

Salmo gairdneri 

Salmo gairdneri 

Daphnia magna 

leplodora kindtii 

Cyclops vernalis 
Mcs%ycIops 

kukarli 

lhrrshold 01 immobilia. 
tion. i n  Lakc Erie 

threshold 01 immobiliza- 
tion, a$. BSA: alumi. 
num ammonium SUI. 
late 

lhreshold 01 immobiliza- 
tion: BSA, a$: using 
aluminum potassium 
sulfate 

ume. usini aluminum 
sullale 

tion alter 64 his: 

n l e r ;  AIdSO& 

lhreshold 01 immobiliza- 

ai?ci3; Bsa. a: 25 c 
lhreshold 01 immobiliza. 

lion in b4 hr. LISA. 
a.c. ammonium chlo- 
ride. 25 C 

ESA; a x  threshold of 
immobilizalion: am. 
monium hydroxide 

lhreshold 01 immobiliza. 
lion; ammonium sub 
la18 ESA: a,c 

lhreshold Conc. 01 im. 
mobilizalion using 
NH40H; 25 C 

inhihilion 01 growth 

loss 01 equilibrium i n  
27.3 min. in lap 
waler; ammonium 
chloride; conc. as am. 
monia. a.c.e.1 

same as abpve, loss 01 
equilibrium in  52.5 
min. 

same as above: loss 01 
equilibrium in  >1000 
min. 

distilled waler: loss 01 
equilibrium in  292 min. 

distilled waler; loss 01 
equilibrium in  725 min. 

distilled water: loss 01 
equilibrium i n  4.320 
mins. 

29.8 min; tap water: 
BSA; a.c.e.l. ammon- 
ium suIIaIc; conc. as 

Grindley 1946l86 

" 

" 

samr asabove using " 

same as above using " 

u m e  as above using " 

loss 01 equilibrium i n  Grindley 1946166 

N H I  
u m e  as abovc using " 

dislillel waler: loss 01 
quil ibrium in  318 
mins. 

distilled waler: loss 01 
equilibrium in 847 
mint. 

dislilled water; loss of 
quil ibrium i n  5 5 , 7 W  
mins. 

BSA; a: lhrcshold 01 im. Anderson lY8'5' 
mobilization i n  64 hrs. 
ammonium chloride: 

tion 

sama as above using ' I  

a m e  as above using " 

lhrcshold 01 immobiliza. Andcrson 1948'8' 

threshold 01 immohiliza. Andcrson lY8'6' 
tion 

Constituent Chronic dose Swes Conditions Utcnturr  Citation 

nonia.. . . 
IHd 

nony 

.. 5 mg/l 

152 mg/l 

13 mg:l 

0.04 N 

0.01 N 

rl m i l l  

420 mg 'I 

420 mgll 

320 mg'l 

420 me 'I 

410 mg/l 

350 m i l l  

420 mgil  

Diaptomus 

Daphnia magna lhrcshold 01 immobiliza. 
tion: using (NH,):SO, 

Diaptomus ume as above 

Gaslerosleus immedialc negative Jones 1 9 4 1 ~ s  

uqoncnds  

orcgonensis 

acUlUlUs responsc 
ructions are slow; some " 

are overcomc by Ihe 
ciposure 

Daphnia magna lhrcshold of immobiliza. Andcrson 1950:'? 
lion. 25 C: N H X I  

Navicula seminulum 50 percenl reduclion 01 Academy 01 Ni l .  

5.0.8.0 ppm(NH3) Oncorhynrhus 
kisulch 

3.5-10.0 pprn Oncorhynchus 
tshanylscha 

I5 mg!l prolozoans 

3.5 mgl l  ireen algae 

9 mg/l Daphnia 

1.0 mp l l  Microptrrus 
salmoides 

growth: so11 water: 
22 c 

M percenl reduction 01 
growth; hard water; 
22 c 

M percenl IedUcliOn 01 
growth: sol1 water: 
28 c 

M pcrcenl reduclion 01 
prowlh; hard water: 
28 c 

50 percent reduclion of 
growlh; soft water: 
30 c 

M percenl reduction 01 
growth: hard water; 
30 C 

22 C i n  hard and sol1 
waler 50 percenl re. 
duction in  division 
(growlh) 

in  aeraled lrcsh waler. 
loss in equilibrium 
spasms wilh tills and 
jaw; gaping 

in  aeraled sal1 water: 
reduclion in  growth; 
loss PI equilibrium; 

8.4 ppm 
I l k .  112 ppm; DO 

ural Scicnces 
1960°C 

Holland el aI. 
1960'90 

" 1 9 6 0 ~ ~ ~  

Ihrerho'd 01 immobiliia. Anderson 1948lrr 
tion: anlimony tri. 
chloride; BSA; a 

drance 01 loud inlake 

division 

move m e n I 

ing SbOH(C;H:OIKd 
used 

K(SbO)C;H;O,: hin. Bringmaon an9 
Kuhn 1959'59 

" hindrance 01 cell " 

"hindrance 01 

caused projeclile vomit. Jerneicir 1969?" 

nit 

1) (Srr also Sodium (Na) and Polassium (K)) 
Salmo gairdneri and conc. 01 arsenic using Grindley 1946'86 20 pvm 

2% vpm 

sodium arsenile. fish 
overlurned in  36 his. 

sodium arsenate. fish 
overturned in  16 hrs. 

diarrhea. heavy 
brealhingand hem. 
orrhage around I n  
areas. 

minnows 

, . . . . . .. . _.  .. ._. . . COn5.01 arsenic using " 

30-35 9pm minnows fins, wlcs damaged, Boschelli and Me. 
Loughlin 1957lS7 

Mytilus edules amounlol As retained SaUlet e l  aI. 4-10 r l  

0.5-2rg Mylilus edules amounlol As relained in  " 

in llesh 1 9 6 W  

shell when erposed 10 
100 g 11 01 as 



462/.4/1pendix III-Marine Aqualic Life and Wildl i fe  

TABLE 2-Cont in ued 

Constituent Chronic dose Spedm Conditions Lileralnro Cilation 

Arsenic .... . . . . . . . 'I00 g/I As bysuss accumulated 

exuola contained 550- " 

250-500 r l  

800 rg 

(As) 
100 111 A l  

l . 8 m g / l  Stizosledion vitreum as As (3 .0 mlol  arse- Jernejcic 19bW 
vitreum (wallqo) nous acid) re tur r ib-  

Barium .... . . .... . <83 ppm Daphnia maw 

(see also Sodium (Ha) 0 Polasdurn (IO) 
(01) 

Beryllium ... _.. . . 3 mg/l 
(BO) 

IO-CIO-' M 

Boron ... _ _ _ .  _ _ _ .  . 900  mg/l 

80.000 mg/l 

IO m i l l  
Bromine 

(Br) (see also Na) 
<0.0026 pQm 

Cadmium ._._. . , . . 0.0026 mp/l 

0.BW. il m g l i  
(Cd) 

142 QQm 

0.1-0.2 QQm 

Calcium..  . . . . . .. . 1.332 ppm 
(Ca) 

920 QQm 

1130 mg/l 

LeplOdMl kindtii 

Cyclops vernalis 

flsh 
Daphnia magna 

Carassus auntus 

Fundulus 
i i i i s n u i i i L  

Salmo gairdneri 

marine rish 

Daphnia magna 

marine flsh 

Daphnia magna 

iusiraiorhis 
glabralus 

Sewage organisms 

Cnssoslru 
virginiu 

Fundulus 
heleralilus 

Fundulus 
helercClilus 

Daphnia magna 

Cyclops vernalis 

MescqclDpr 
laukarti 

while nsh Iry 
pickerel try 
kQOmiS 

macfahirus 

. _ _  
tion 01 slomach con. 
lenls inlo lhrnat 

lion. BaCl:; BSA; a;c 
lhreshold 01 immobilin- Anderson 19441'' 

lhreshold 01 immobilin- Anderson IS48151 

tion; 20-25 C: BaCl: 
lhreshold 01 immobiliza- Anderson 19481*1 

tion; 20-25 C; BaClr 
same as above 
BSA; a; lhreshold of im. Anderson l948:61 

mobilinlion; Back; 19W: 
25 C 

lrom Be plan1 flsh be- 
came sluggish after 21 
days 

using lagoon wastes Pomelee 19Um 

conr anecting tiw en. 

slighl darkening 01 Iho 
skin using boric acid 

caused immobilization 
and loss of equilibrium 
01 rish; using boric acid 

Jackim el a 1  1 9 7 P  

Wurh  I 9 ( P  
'jiiii iihii, 

t iolenl irrilant response Hial l  el aL 195319' 

lhreshold of immobilin- Anderson 1948151 

lion; CaClz; BSA; a; 
i n  64 hrs. 

violenl irrilant activily 
caused by irrilalion 01 
respiraloq enzymn 

tion 1 9 w :  

dromes: distilled 19581*' 
water. 

M percenl inhibition 01 
02 utilization; BOD; 
a; CdSOa 

?O.week exposure; IiIUe 

menlation of manlle 
edge; coloration of 
digaslive diverticube 

p lho log iu l  changes in 
intestinal tracl. kid. 19lOl* 
n q .  and gills; ChlngM 
in essminophil tineage 

con& anecting liver en- 
zyme activity 1 9 7 P  

lhreshold 01 immobilin. Anderson 1944"' 
tion; CaCk BSA: a:c 

threshold 01 immobiliza- Anderson 1 Wlbl 

tion; CaCI,; BSA; 
a;c: ZC-25 C 

tion: 20-25 C using 
CaCl: 

Hia l l  et al. 1953'9' 

threshold 01 immobitin- Anderson lW1si, 

produced distress sin- i iarry and iidricn 

Hermann 1959196 

Shusler and Pringle 
shell growth losl pig. 19693" 

Gardnn and Yevich 

Jackim e l  aL 

lhreshold 01 immobiliza- Anderson 1W'al 

same as abovo 

same as above 
same as above 
CaCk 1.34 perm1 loss Abegg 1Wiu 

01 lissue fluid; pH 
8.3; 22.5 C; dissolu- 
tion 01 mumus cover. 
ing of body causing 

lalure 
dehydration 01 m u w -  

Spedm Condilions Litrmlura CiWiw Constiluoot Chronic dmo 

Cakium., . . . . . . . , 1.25xlO-* NI Cymnqasler sg. actintion 01 brain Ahu-Drmia and 

Chlorine ... . , . , , . , 0.3 ppm 
(Ca) m a l a  amlylcholinerteraso MemelISSl~u 

(CO ness. dysphl. loss 01 
equilibrium 6 spartic 
con*ulsions 

tl0Ul symptoms 01 restless. cola 194116' 

IO mg/l(5 dqs) Macraqstis p y r i l m  10-15 percent rDduclion Clandenning and 

Chlorido (ype a h  sodium and pobrrium) 
SaImo gairdncri (Cr)  2 mm 

Chromium 
(Cr) (see also sodium and potassium\ 

<0.6 Qpm 

<3.6 pQm 

6.4-16.0 ppm 

3.2-6.4 ppm 

3.2-6.4 ppm 

0.32-1.6 ppm 
718 ppm 

0.21 mg/l 

no1 given 

10-9 ppm 

2.8 mi/ l  

Daphnia magna 

Chlorocortum 
variegalur 

Chlorocoaum 
humiwla 

scenedesmus 
obliquus 

Lepadmtis sleinii 
Lepomis 

IMUOChiNS 

BOD 

fish 

Miuoregma 

Salmo gairdneri 

Salmo gairdneri 

rish 

Daphnia magna 

Daphnia magna 

Daphnia 

c --n 
b.". 

Scmcdamlu 
MiMQlU3 
Sewage orpnismr 

chromic acid; lh rahold Anderson W 4 1 ~ ~  

01 immobilization; 
BSA a;c: 

tion; chromic chlcr;de: 
BSA; a; 64 hrs. 

growth lor 56 days; 
Cr as dichromate. 

lhreshold of immobilia- ' I  1W*1 

complete inhibition 01 Heney 1 9 ( 9 ~ ~  

same as above 

same as ahove 

same as above 
hydration 01 lissues 01 Abegg 1W1U 

body due 10 CUVla- 
pon 01 mucous cover- 
ing body: 22.5 C: 
pH 5.9 

10 percenl reduction in 
0: utilization; lab 
bioassay; j; chromic 
sullale. 

relarded r i l e  01 grmvth US. Deplol  
and resulled in in- Commem 
creased morlalily 1958:" 
( C W  

lngols 19551m 

lhreshold enect Bringmann and 
Kuhn 19591" 

change in erflhrefle Haisband and 
surlace area and in. Hairband 
crease or dKrPSO i n  1963L*o 
haematocril value 

raising 01 hematcuils Schinman and 
Fromm 195P1 

Cr. as chromala; lab bin- Fromm and Stokes 
assay; lap waler; PlU. 1 9 W 0  
cose lransporl by gul 
segmenls reduced 10 
percenl lrom conbok 

decreased exlraclable Castell e l  a 1  
protein conlenlol 1SlO'U 
blended rish rnurJe 

a;c; lhreshold 01 im- 
mobilization. 

l ion lor 64 hr exposum 
BSA: a; CoClt 

threshold of immobilin- Ohio River Valley 
l ion using CoCh Water Commis- 

sion 145oro 
threshold enat$ CoClr Bringmann and 

KUhn 1959"' 

colullous chloride: BSA; Andndenon 1W" 

threshold of immobilin- Anderson 1 9 4 P  

50 pocenl inhibition of 
01 utilization; BOD; 
a; CoClr 

HIMM I S W  

suppreuion 01 grmrUl Slnbatipa 1- 

inhibilion 01 g r d h  io  " 
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Aj#)fndis 111- Table 2 ;463 

TAB LE 2-Con t in ued 

Conriituenl Chronic dme spcia Conditions Utnture Cibtion 

Coban ......._..__ 5 mgn 
(CO) ICY) ppm 

c o p p  ........... I#t/l c u  
(CU) 

2.6.0 pg/l 

0.1 mg/l Cu 

2.0 ppm 

0.13 ppm 

0.096 mg/l 

0.1 ppm 

>0.2 mg/l 

0 . 0 2 4 . 3  mg/l 

<O.24.1 mg/l 
<0.2 mg/l 

0.021 ppm 

2.7 mg/l 

1.9 mgl l  

0.0024 mg/l 

0.118 mg/l 

metal sheet: 45 
percent N i  55 
percenl Cu 

0.021 mgfl 

1.0 mg/l 

0.1-0.5 ppm 

0.561 ppm 

1.Wppm 

0.044 ppm 

Saprolcgnea 
nth 

Chlorclld 
pyrenoidon 

Chlorllla 
mrenddosa 
Nilzchia palea 

r i c h  

brge mouth black 
bass 

CRssosIrea 
virfinica 

Daphnia magna 

Daphnia mgna 

Bugula netritina 

barnacles 

Bugula neritina 

Daphnia magna 

Cplops rernalis 

Mesocyclops 
Ieukarti 

Diaptomus 
oregonensis 

Dncorhynchus 
gorbuscha 

w w n w d  irmvlh 
dtuatscd erlnclablc 

polein wntenl 01 
blended (Ish muscle. 

exposure '20 C; 6pg/l 
FL 

thetic rale 

WppIesed growth: 4.hl 

d t u t m d  photosyn. 

onnot withstand wnc. 
(ratter than w e n  

in  distilled water; 
CuSO, lethal thres. 
hold 

turn green in 21 days 
(unmarkelable!) 

threshold conc. of im. 
mobilizabon using 
cupric chloride 

threshold 01 immohilitr- 
tion using CuSOi 
BSA; a:c 

complete inhibition 01 
aowth 01 attached 
fauna 

growth of young 
barnacles is inhibited 

retarded growth 
relarded polypide lorma. 

llon 
threshold of immobiliza. 

tion, cupric chloride: 

threshold 01 immobiliza- 
BSA: a; (64 hrs) 

tion 

loss 01 equilibrium and 
initial mortalities: 
CU(NO+ 

Castell e l  a1 
191016' 

Nielwn 19391" 

Nielwn 193C~~ 

Cole 1941167 

Gallson 19(1101 

Anderson 1 9 4 4 l a S  

Anderson 1944'4' 

Miller 194815 

Miller 194815 

Miller 1946:" 

Anderson l948lsl 

Anderson 1 9 4 8 1 ~ ~  

Balanus amphitrite maltormation 01 the shell Weir 1 9 4 W  

Daphnia magna 

x a  urchin 

Australorbis 
glabratus 

Sewage organisms 

Sphaerotilus 

oyster 

Oncorhynchus 
gorburrha 
(loung) 

Oncorhynchur 
kisuthh silver 
nlmon 

bna pipiens 

SaImo pirdneri 

Salmo pirdneri 

bases: edges culloped 
not LmOOth 

threshold conc. 01 im. 
mobilization using 
cupric chloride 

11 Cu; abnormalities Cleland 195Yc5 
MUI in  eggs 

produced dislress syn- 
drome. 1958'91 

50 percent inhibition 01 
0 2  utiliration ;BOO; 
copper sulphate: a: 

inhibition of growth. 
wnc. 01 CuSO, 

Anderson 19.54's' 

Harry and Aldrich 

Hermann 195919' 

Aademy of Nat. 
ural Sciences 
1960"~ 

Fuiiya 1 9 6 W  changes in  digestive di. 
rerficuium tissues 
with desquamation 
and necrosis 01 
stomach epithelium. 

lois 01 equilibrium and 
initial moNlit iesin 1960109 
19 hrs; conc. as Cu. 

survival, frodh. repro. 

Holland et aL 

pH 7.9; CU(NDOI 
Holland GI a i  

ductive and lwding tWI9Q 
responses 

a;c; copper sulfate 1961'07 

Cu: BSA; a;c;p; 1 
days; 3.5 ppm Zn 

same as abova using 

chronic tb t i c  bioassay; 

nter,copper runale as L l q d  196tb*L* 

Kaplan and Yoh 

U q d  1 9 6 W I  

, 

I 

i 

I 

I 

i 

I 
i 
I 
1 

I 

i 

i 

S p i e s  Conditions Lileralure Cibtion eDmtitucnt Chronic dose 

Copper.. . . , . . . . . . 
N U )  

35-45 Percent 01 
incipient klhal 
kvel 

0.1 m i l l  

1-2 mg/l 

2.3 pg 'I 

0.42 pgll 

0.7 ppm 

1-5 ppm CufO, 

IC20 pg !I 

3Opt'l 
O.Ol4.l ppm 

8 P t : I  

0.05 ppm 

1.25XlQ-4 M 

16O/Jg/l 

0.06 ppm 

0.02 mgll 

a . 0  ppm 

<I.Oppm 
0.3M.43 loxic 

units 
0.056 ppm 

5.6ui:I 

Salmo salar 

Nereis virens 

Camnus 

Salmo salal 

IObl 

Oncomelania 
lormosana 

sea urchin 

xa urchin 
Helix pomaitia 

oyslerr 

Cymalogaster 
ageregala 

common tuppy 

Salmo dar 

Ontorhynchus 

0.56 ppm 2n: and 
ultt water (l days) 

habits Sunders 1963:(' 
inhibition 01 migratory Sprague and 

threshold 01 Ioricity; Raymount and 
wnc. as Cu. aaumu. 
lation i n  gut and 
body wall. 

threshold 01 tolicity; Reish 196427 
11-12 day exposure 

as CU.; threshold lor Spragut et aI. 
avoidance for parr. 1964:~ 

as Cu: plus 6.1 pi l l  
I n ;  f ishare9.bl5.3 
cm in  length: avoid. 
ancc 

redund appetite and re. Syazuki 1964:10 

duced 01 consumption 
lreshwater; pH 7.2: 
still water 

sumption: concenlra. 1964:)' 
tion 01 Cu along wall 
01 digestive gland and 
in Ihe lme spongy 
connective tissue 01 
the stomach and 
prorimal intestine. 

relards body growth of 
pluteal larvae. regress. 
in! 01 arms is re. 
larded. 

Shields 1$44=5 

decrease in  locd con. Winkler and Chi 

Bougis 1965Is5 

anects growth 01 arms " 

increase in  mucous DeClaventi 1965':: 
secretion and no 
response to tactile 
stimuli 

green color in  oysters 

inhibition 01 sel l  
purification 

ecetylcholineslerase Abou.0onia and 
activity is inhibited Menzel 1961"' 
by Cu'c 

mucous cells. 

CeSn:. Ell. 

fincerlinu. 

Spraput et al. 
196s':j 

reduction in  number 01 Cusici 1961':' 

chronic stalic bicassay. Grande 1961Js; 

sublethal cllects on Grande 196111: 
- -  

CnYfish Orconectes inhibltlon 01 respirator) Hubschman 1961:oQ 
NSt iCUS 

crayfish 
Silmo alar 

Daphnia 

SaImo rairdneri 
0.055-0.265 p#/ml dinoflagellates 
0 . 0 2 M . 0 5  ppm oysters 

J 3 4  Pimephales 
pOmeldS 

ICY) ppm (Ish 

enqmes degenerative 
ellect 01 cells and 
tissues including dis. 
ruption 01 glulhalhi. 
one equilibrium. 
continuous flow bio. 
assay 

same as above 
reduction in number 01 

inhibition 01 growth 

threshold avoidance level Sprague 1968?rS 
powth inhibition at 20 C Mandelli 1969?11 
bodies became bluish. Shuster and 

a n n  in  color: and Pringle 1969?'$ 
shell showed erctllent 
growth; mantle edge 
pigmentation in. 
creased; and mortal. 
ities increased. 

prevention of spawning Mounl and 
hard water Stephen 196911' 

dermsed extractable Castell et al. 
protein content 01 1910'6' 
blended fish muscle 

Saunders and 
spawning salmon Sprague 1967?" 

Hueck and Adema 
196820' 



0 
TABLE &Continued 

Species Conditions Literature Citation Constiluent Chronic dmo Species Conditions Literature Citation 

I day expmure using 
lerrous sullate. 

1 
Oncorhynchus 

Killilish change i n  liver enzyme Jackim et 11. 2 1  Pl/l Phaeodactytim Severe clumping 01 Davies 1Wn 
activity 191CW 1 lritornutum diatom cells. 

inhibition 01 growth Hazel and Meith I Iron ... . . . . . . . . . . . 
tshanytscha 19101" I (Fa) 

Constituent Chronic dose 

COQpCr.. . . . . . . , , , 0.2 m l / l  
(CU) 

1 ~ w - 4  M U 
0 

Crassius auratus 

trout 

hard water using KCN: 
respirator). depreSPnl 

orerfurncd in I10 m i n r  

Cole I9(W 

Ohio River Yal lq 
Water C o m i r .  
dm 1- 

overturned in 110 Sn=Z!pte 1 9 W '  
CN- 

flsh owiurned Herbert and Ma- 
kcn lnzi- 

Souhgafe 1951"~ gillr b m m e  brighter in 
colour dm to inhibi- 
tion by qani ie of the 
uidase responsible lor 
tramfer at O t  from 
bbod to tissues 

oranism in glucose- 
containing soIutions: 
a:&: BSA: 

thesis 

inueascd respirabon 01 Reith 1 9 5 P  

Inhibition d p h o l o s p  Rexh l 955aS 

nsh overturnea NCll 195P1a 
fcspiratoq depressant- Jones 1964208 

(21s became brighter 
i n  color 

reduction i n  appetite 
01 some still water: 
pH 8.2 KCN 

3.0 mg' l  tree CO:: 
tanc. ar CN- super- 1966"' 
k i a l  coazutation ot 
mucous: I l k .  1.5 
mg I resulbng i n  
death 01 some: pH 

wlth h e r :  

nervous system and 
respiration are el. 
tected. 

ailects the Ca eRluI i n  

change in Or Uptake; Syazuki 1964:'s 

OoudoroR et a!. 

6 .0  CN- COmQleXed 

tors 01 equilibrium. Matarea 1968': 

Btaustcin and 

inhibition 01 AChE Abou.Oonia and 

s$tbe:ial Eleaa. b9t:r- Ashlq 13lO1w 
activity MenzeII 19611u 

secretion 01 mucous. 
inNmmatim. ~ $ 1 -  
tav coqestion. ds. 
struttion 01 respirator) 
epithelium. blockage 
01 gill filaments and 
lamelha lq micro- 
Ierruginous pot. and 
mur ren tc  of intra- 
cellular iron in  epi- 
thelial cells 

01 gills dCCrMSin1 
permeabilily of gins to 
dissolved 02 (OO- 
6.2 vrm) 

precipitation 01 mucous Wesl la l l194W 

threshold cf immobiliza- Anderson 194Slll  
lion: 64. hrr. PbClr 
+; n 

nitrate 

then positiveiy due to 
osmotic pressure 01 
solution 

injury to blood cells 
during exposure up to 19531" 
IS) days: m c  as 
lead acetate: i n  t a p  
water 

due to growth on un. 
lavorable substrates. 

long exposure:  con^ 

W ~ V R  rottion; lead Jones I 9 4 W  

fish reacted neiativeiy Jones 1941P05 

OoudoroII and Katz 

deformation 01 shells Slubbingr 19592'7 

harmed serum during Fuiiya 1 9 6 1 ' ~  

ss Dh _. . - 
retardation ot growth. Crandall and Good. 

increase in  mortality. night 1962"B 
delayed seiual matur. 

Cyanide.. . . . . . . . . 0.1-0.3 ppm 

0. I26 mg/l 
(CN-) 0 

0.15 mg/t 

0 . 1  mg/l 

1 QQm 

trout 

Salmo p i r d n u i  

b h  

0 i Lead _............ 

I 
(Pb) 

fish 

5x10-' M Mayoleila 
p a l e s W s  

magna Chlorella 

fish 
nsh 0.33444 mg/l 

0.04 N 

tadQObS 

Casterosteus 
acuteatus O 

goby. perch, mullet 

0 50 mg/l wtflsh 
I IO mg 11 Lepomis 

macrochirur 

barnacles 

Cyprinus wrpio 
0 

no1 given 

2 mM CN- 

Cyprinus carpi0 

Rhodeus sericeus 

souid 

minnow. gudgeon 8 Pomlia raticutata 

the axons; alter 9C Hodgkin 1969i55 I 
1-50 min rate constant 
lor Iosr of Ca was in. I 
creased 5-10 told. 

21 C using Na f  Bringmann and j 
threshold enel Wuhn 1959"s ; 

24 C using N a f  
threshold enel I 

" I 21 C using NaF 
threshold enect 

ppm: alter 12 hr ex- 
posure survivors were 
i n  poor condihon. dark 
in color with light 
colored SQOIS at end 01 
snout. 

90 percent mortality in 
21 days: BSA; a:d: 
hard wa ta  

blorkage of gills: Fe:Ol 

BSA; a: c: threshold 01 Andcrson 19UI's 1 
immobilization FeSO, 

BSA: I :  c: threshold of 
immobilization FcCh lW'53 

BSA: a: threshold of 
mobilization in  64 1950"1 
hn: 

Alk 41.5 ppm; DO 8.4 Holland et a1 
1960'99 I 

I 

i 
1 

Herbert and Shur. 
ben 1964"  

Nielson 193BLs i 
Andenon 19Ul~'. 

Anderson 1948111, 

I 
reduction in appetite in Syaiuki 1964:" I 

i ty 

Pb(NO.)? retardation night 1962"' 
01 growth. delay in  
sexual maturity and 
increased mortality 
21 percent in  90 day% 

2.0 ppm Lebistes retirutatus chronic static bioassay Cnndall and Good. 

1.25XIF' M Cymatqastn inhibition ot acetyl- Abou.Donia and 

25 QQm RaM pipiens Sloughing at  the skin Kaplan et aI. 
chlonesterase activity Msnzel 1 9 6 W  

alter 20-days; loss of 1967*" 
righting reneses: loss 
01 normal semi.eret 
posture 

fleies: exdtement. 
salivation. and muscu- 
lar twitthings present 
upon 1st exposure; 
darkening of liver. 
pll btaddu Ipleen L 
kidney observed 

mucosa eroded. rea t S 6 P  
blood cel l  and whits 
blood cell counts de- 
u c a u d  with increas- 
ing Pb. 

aggregala 

150 pvm total Iosi 01 righting re. " 

Ram pipiens far 48 hrs. gastric tbphn at a 1  

IO. 20, UI mg/l Lepomis cyanellus avoided thew cancan. Summa(eil and 
tntions Lavi, 1 9 P "  

WOrvlt969"'  
h k l i n u s  malm reduction of gowlh Oaiman and Whit. 25 mf/ l  

Fluorine., . . . . . . . . 210 m i l l  

95 m i / l  

226 mg/l 
IS0 m i l l  

500 ppm 

(0 
Oaphnia 

Scenedesmus 

MiUOregma 
Escherichia coli 

Oncorhynchus 
kisutch 

0 Salmo gairdnm 

Iron ._... _.  . _..___ 2.0 m i l l  
(To) 

<I52 pQm 

134 QQm 

<38 Qpm 

trout. salmon. 

Daphnia magna 
roach 

Daphnia MgM 

goby 
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TABLE %Con t hued 

Ccndibas Litenlure Citatim Constiluenl Chronic dose species Conditions Litcnlurr Citation 1 Constiluenl Chronic dose Species 
- 1  

Lard.. . _ .__ .  , , .._ lO-'-W M killiilsh 
(Pb) 

0.1-0.2 mg/l Crassostru 
virginiu 

Mag~~cr ium ....... 50 i pm Staurastrum 
(Mi) pancloium 

140 vpm Daphnia magna 

1.2 ppm Bolryococrus 
MtnpnMO 

(Mn) (sen also Polatrium (K) and Sodium INaN 

change in  liver enqme 

induced changes in  
mantle t gonad 
tissue. 

m ta in  inhibition 01 
growth using MgSOd 

BSA; a; threshold 01 
Immobilization MgClt 

inhibition 01 growth 

trtivig 
Iackim et al. 

1970:- 
Pringle (unpub. 

l ishedP8 

rn vvm 

m mi/[  

1 . M X l V '  

10,000 ppm 

10.000 ppm 

1.000 ppm 
Mercury .... . . . . . . <O.W6 ppm 

0.61 ppm 
(HI) 

3 . 2 X W  mglh i  

0.01 ppm 

0. I ppm 

0. I ppm 
IV'4D-l M 

Molybdenum.. . . . . !4 m i l l  

Nickel ...._. . . . . . . <0.1 ppm 
(MU) 

(Ni) 

u . i  mg:i 

1.5 mg/l 

0.1 m i l l  

0.05 mg/l 

1 . 2 5 X I V '  M 

10 vpm 

pvm 

10 ppm 
0.5-10 mg/l 

Nibale.. . ... . . .. , O.wO1 N 

1.25XIO-1 M 

10. ?Mo mg/l 

pH ..... .. . .. . . ._. pH 9.0 
pH 4.0 

. ,, 

Daphnia magna 

Daphnia magna 

Cymalogaster 
aggregab 

lebisles reticulatus 

Bulo valliceps 

Daphnia magna 

Daphnia magna 

Swage organisms 

Japanese eel. 
Crassius auralus 

Lebisles reticulatus 

Bulo valliceps 

Daphnia magm 
killifish 

Scenedesmus 

Daphnia magna 

Dapnnia 

kenedesmus 

L coli 

Microregma 

Cymalogaster 
ageregala 

W i s t r s  rrticulatus 

Bulo nlliceps 

Daphnia magna 
Cyanophyta 
minnow 

Cymatogaster 
c;grqala 

bpomis qanellur 

oyster larvae 
fish 

threshold 01 immobiliza. 
tion. MnCI? BSA; a 

as Mn. threshold 01 im. 
mobiliialion; 23 C 

activation 01 acetyl. 
tholineslerasc 

inhibition 01 essential 
sulfhydryl groups ab  
lathed I o  key enzyme. 
lab bioassay 

ladvoles 
ome as above; using 

as above 
threshold 01 immobiliza- 

tion: HrCI?: a: %SA; 
50 percenl inhibition 01 

Or ulilizalion; HgCI? 
. BOO: a; 

kidney 
accumulalion in  the 

cation combined with 

Anderron t348'$', 
1950"' 

Bringmann and 
Kuhn 1959"* 

Ahou-Donia and 
Menzei 1961"' 

Shaw and Grushkin 
1967:" 

Anderson 1948"' 

Hermann 195919, 

Hibiya and Oguri 

Shaw and Grushkin 
1961'9' 

essential sullhydryl I 9 6 P  
grouq altathed loa  
key enzyme lo cause 
inhibition: a x e ;  BSA 

ome as above using " 

tadpoles 
same as above 
change in  liver rnzyme 

acbvity 1970?01 

threshold conc. lor Bringmann and 
delelerious ellecl Kuhn 1959l59 

threshold of immobiliza. Anderson 1948"' 
tion Ni(NH,):(SOdr 
BSA: a; 

lion; NiCb 
threshold 01 immobiliza- Bringmann and 

tion: NiCI? Kuhn 1959'59 
threshold 01 immobiliza- " 

tion: NiCI? 
threshold 01 immobiiiza. " 

tion: NiCh 
inhibilion 01 acetyl. Abou-Donia and 

cholineslerase activig Menzel t961"' 

lackim e l  al. 

ihreshoid oi intiilutiiiii. i i i i e i i e n  iBP!:' 

bioassay: a:c;e; cation 
cokbined wilh essen. 
till sullhydryl group 
attrched to key en. 
zyme I o  cause inhibi. 
tion. 

tadpoles 
ome as 8bove. using 

same as above. 
Vowth inhibition 

IS Pb(NO1)t; showrd 

Pb(NO& mused 73 
negative response 

percent inhibition of 
AChf activity 

avoided these concen. 
lrations 

injury to larvae 
coagulation 01 protrins 

01 rpithelial cells 

Shaw and Grushkin 
1967?'1 

Sparling 19W" 

Jones WPQ' 

Abou.Donia and 
Menzelt967"( 

Summerfril and 
Lewis 1967:'s 

Gaardner 19321r 
Cole 194116r 

pH.. . . . . . 

Potassium 
(K) 

Selenium.. 
($8) 

Silver ...... 
(At) 

. . . . . . . . Daphnia magna 

Crasdus auralus 

Gasterosleus 
aculeatus 

qster  
Oncorhynchus 

Ishawytscha 
shor lmckrd clam 

. . . . . . . 

...... 

0.6 ppm 

0.61 ppm 

373 ppm 

1000 pvm 

200 vpm 

2ooo pvm 

1000 ppm 

20 pvm 

131 ppm 

IO. 5 pvm 

15 vvm 

17.0 ppm 

0.072 ppm 

>BOO ppm 

2.5 mgl l  01 Sr 

2 . 5  mgl l  01 Sr 

SI mgll 01 Sr 

183 mgl l  01 Se 

6 x 1 0 - 6  

0.0051 ppm 
3 . 3 X l V '  M 

Daphnia magna 

Daphnia magna 

Daphnia magna 

Salmo gairdneri 

Salmo gairdneri 

Saimo gairdneri 

Daphnia magna 

Sewage orcanisms 

sewage organisms 

w a g e  organisms 

Rabora helero- 

lresh.waler Osh 
morpha 

Daphnia 

Scenedesmus 

Eoherichii coli 

M i  u o r e g ma 

Bacterium coli 

Daphnia matna 

threshold 01 immobiliza. 
tion: HCl BSA: a;c 

Cmgulalion 01 mucous 
on gills: H ? S O ~  

(BCttd nepaliveb to pH 
less than 5 . 4  and 
greater than 11.4 

pumping is reduced 
0.1 N HCI; critical level. 

flowing.sall 
0: uptake became ab. 

normal: increase in  
consumplion wilh 24- 
hr. exposure. 

inhibition 01 growlh 

Korringa 195Fo9 
Holland et al. 

19601'9 
Syazuki 1964rr9 

threshold of immobiliza. Anderson 1$44'(s 
lion; KiCrrO:; BSA; 
a;c 

tion: BSA: ax :  
KMnOA 

lion; BSA: a:[: KCl 
loss 01 equilibrium in  
23.8 mins. K.:Cf:O:; 

threshold 01 immobiliza. Anderson 1944"9 

threshold 01 immobiliza. Anderssn 1944l*s 

Grindley 194616r 

K&:O: lap waler: 
conc. as CI 

I 8 8  min. BSA; 
K 4 1 ~ 0 :  tap water 
coni. as Cr 

loss 01 equilibrium in  Grindley 1946"' 

loss 01 equilibrium; in GrindleyI946'1' 

threshold 01 immobiliza- Anderson 1948:sI 
tion: BSA; a:[: KCI 
lo r  64 hrs 

50 pertenl reduction 01 
BOD values: K:CrO: 

50 percent inhibition of 
01 ulilization; BOD: 
KCN; a 

50 percent inhibition 01 
O? ulilization; BOO; 
a K:Cr?O; 

20 percent mortalily in  
1 days: KCN; BSA 

auumulalion 01 Se in  
liver. from boltom 
deposits in  reservoir 

medium threshold eRect Bringmann and 
using sodium selenile: Kuhn 195915~  
13 c 

using sodium selenile: 
24 c 

using sodium selenile: 
17 C 

using sodium selenile 

Sheets 1957?35 

Hermann 1959'95 

Hermann 1959195 

Abram 1964l45 

Barnharl 195815' 

median threshold level; " 

median threshold level. " 

mrdian threshold level. " 

inhibits enzymes; Vudkin 19372" 

threshold of immobiliza. - Anderson l W 5 '  
10 C Ag:SOj 

tion; BSA; (64 hrs) 
silver nilrate: a; 



TABLE - 

constiluent Chronic dme SQdm Conditions Literature Citation 

Silver _ _  . . . . . . . . . . 0.01 m;/l 

0.01 mg/l 
0.05 mg/l 
0.04 m g l l  

( A i )  

0. I5  p;/l 
lCl00 "(/I 

Daphnia 

M iUMqma 
Scenedesmus 
EIthericha coli 
Lchinid larva0 
Paracentrotus 

Arbc ia 

Lebistes reticublus 

0.1 QQm 

0.1 QQm 
l lJ-*- lP M 

6141 QQm NaCl 

8500 QQm 

Sodium ._.._. . . . . . 
(Na) 

Bulo valliceps 

Daphnia magna 
Funaulus 

heteroclilus 
Daphnia magna 

Oaphnia magna 

Oaphnia magna 

Oaphnil magna 

Daphnia magna 

Phoxinus phoiinus 

Daphnil magna 

Phoxinus phoiinus 

median threshold el lat  Brinimann and 
Kuhn 1959lhs 

...................... sqer 19W'O 
as A;NOt; abnormalities " 

or inhibition 01 grmvth 
01 cgts 

as AgNOa; doby in do- 
velopment and do. 
lormalion 01 resulting 
plulei 

IKt; I S  AtNOt 

(Kl lor e l lS  

" 

threshold conc. lor el. " 

threshold conc lor e!- " 

cation combines with os. Shaw and Grushkin 
santial sullhdql group 1961?'* 
attached I o  k q  en- 
zyme causing inhibi. 
tion; BSA: a;c:e 

same as above using " 

same as above 
chanio in  liver enzyme 

activily 191C*@' 
thrashold 01 immobilin- Anderson 1944149 

tion; BSA; NaCI; a.c 
BSA; a;c; threshold 01 Anderson lWl19 

immobilization; 
NaNOl 

tion: BSA: NaCN 

tion; unlavorable 
osmotic eHect exerled: 
BSA: NaNOl 

zation: BSA; Na:S 

bdp0lsS 

Jachim el aI. 

threshold 01 immobiliza. Anderson 1946lro 

Ihreshold lor immobiliu. Anderson 1946iro 

conc. causing immobili. Anderson 1946l10 

Threshold 01 immobiliu. Anderson 19461ao 

m e  as above using Anderson 1946150 

NaBr 
lhreshold 01 immobiliza- Anderson 1946110 

tion; BSA: NaBrOt 
threshold of immobiliza. Anderson 1946lSU 

tion; BSA: NaAsOz 
loss 01 equilibrium i n  Gr ind lq 1946lss 

54.6 min; BSA; a;c; 
e$: NaAsO?: bp or 
disL water; conc. IS 
As 

186 min: BSA: a x e ;  

or disL water 

2114 mins: BSA; 

i d i r t  water. , 
lion: BSA: sodium 
arsenate. 

m in r  BSA; a:c;e;l; 
dil l . or tau water: 
sodium arsenate disL 
or la2 water 

mins: BSA; sodium 
arssnale; a:c:o:l: 

a : _ _ .  n e . .  .I_ 1.1 
, I " , , ,  ma". n.:C,", 

Ims 01 equilibrium i n  " 

I: NaAsOr; lap water I 

i 
I 

loss 01 quil ibrium i n  " 

I 
lhreshold 01 immobiliu. Anderson 1946no 

I 
lost quil ibrium in  mS Grindm 1946181 I 

i 
losl equilibrium in  461 " 

disL M hQ WakI  

water; 951 min 
sodium l r%Nte  

-Continued 

Constitnopt chronic dmo spedM Conditions LitDntmo CiBBm 

Sodium .....__.... 1680ppm Daphnia magna 
(Na) 

0.m w Gastermtous 
aalcatus 

0.0001 N Wsterosleus 
aculealus 

0.m QQm Daphnia nugna 

0.276 oom 

Daphnia magna 0.1% QQm 

427 Daphnia n!dp 

0.28s ppm 

threshold of immobi6n. 
tion; NaCl BSA a;c; 

flsh dirpbjed d i m ;  
tap waler; BSA; c;o: 
pH 6.8 with HtSO,; 
N8:S 

50 percent aro im. 
mobilized in  100 hr 
exposuro; BSA; ax; 
NatSiOz 

mobiliiud in 100 hr 
o x ~ u r o ;  BSA; 8;c; 
NatSiOt; plus 
2.899 ppm Na,SO, 

survival time of 11 hrL 
tap waler. BSA; c;e; 
pH 6.1; N a 4  

50 percont immobilin- 
tion; BSA: 100 hr ex- 
posure a;c; NatCrOa: 

50 prcent  aro im- 

plUS 119 PQm 
NarSiOz P 2180 PQm 
NazSO, 

50 percenl ImmobiliJr- 
tion during I00 hr 
eiposuro BSA; ax: 
NarCrO,; plus 2984 
ppy NatSOt 

50 percent immobiliza. 
lion lor 100 hr sxpo- 
sure: BSA; as:  

Na:SiOz 
50 percent immobiliza. 

lion during 100 hr 
expasuro NatCrOa 
plus 408 ppm Na:COa: 
BSA; a:c; 

NatCrOd: QlUS 91 QPm 

50 percent immobiliu. 

I:?: S A :  nzaro, 
tion. 100-hr 8XpOSUre; 

plus I80 ppm NazSOa 
50 percent immobiliza. 

tion; 100 hr exposuro; 
a;c; BSA; NaZSiO, 
plUS 182 QQm NatCOa 
plUS0.146 QQm 
NatCrOA 

50 percent immobiliza- 
tion; 100 hr exposure; 
a;c; BSA; NatCrOa 
plus 240 ppm N a d X t  
and 2019 Na:SO* 

50 percent immobiliza. 
lion. 100 hr exposurs; 
a;c; BSA; NatSiOa 
PIUS 155 ppm Na?COa 
and I141 QQm NaiS01 

50 percent immobiliu- 
tion; Na:CrOa: BSA; 
a;c; 100 hr exposure; 

sullate and 440 ppm 
sodium carbonale 
co rn  as NatCrO, 

50 p i cen t  immobi l im 
tion: NatSiOa; BSA; 
a;c: IOOm exposure: 

PIUS 81 ppm sodium bi- 

plUS 38 QQm NaHSOl: 
and 194 ppm Na:CO~ 

50 prcent  immobiliu. 
tion; NatSiO, BSA; 
a;c; 100 hr e i w r o :  

50 percent immobilin- 
tion; NazCrO,; BSA; 
a:c: 100 hr e x w r o ;  

QlUS In QQm NaHSOs 

10 QQm NaHSOI 

Fruaman an8 
Forrln 1 9 5 W  

Jonm 19481" 

Freeman i n d  
Fowler 1 9 W *  

Freeman and 
Forvlu 1953'1' 
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TAB LE +Continued 

Comtiluent Chronic dose Spaies Conditions Litenlure Citation 

506 pvm 

0.306 ppm 

0.42 ppm 

1.0 ppm 

3.6 ppm 

6.5 ppm 

1.4 ppm 

1.8 ppm 

Sulfide.. . . .. . . .. , 5.0 ppm 

0.86 ppm 
3 . 8  ppm 
4.3 ppm 
6.3 ppm 
3.2 mg/l 

3.2 m i l l  

1.2 mp/l 

Titanium. _.  . . . . , . 4.6 mg/l of n 
2.0 mgflol Ti 

4.0 mi/ l  01 Ti  

(2') 

00 

Uranium ........., 13 mg/l 

22 m i l l  

1 .I-?. 2 mg/l 

28 mg/l al U 

0.5 m i l l  of U 

(U) 

Zinc ....... ...... 0.1 mg/l 
(zn) ppm 

zooplanklon 

Daphnia magna 

Simecphalur 
rerrulalus 

Daphnia magna 

suckers 

sunfish 
Salvelinus malma 
Crassiur auratus 
Cyprinus carpi0 
trout 

b0Ul 

trout 

Daphnia 

Swnedesmus 

Microregma 

Daphnia 

Sccnedesmus 

Escherichia coli 

M i u o r q m  

Escherichia coli 

roach 
Daphnia magna 

NaAsO?; field study in  
lake; a:c; significant 
reduction evident 

median immobilization 
concentralion; a;c;d; 
i;g: BSA; NaAsO, 

threshold 01 immobiliu 
lion: NaAsO?: BSA; 
18 F 

same as above 

c~uses respiratory paral. 
vi is 

overturned in  2 hrs; 

overturned in  10 mins.; 

overturned in  4 mins.; 

median threshold level; 

median threshold enect; 

median threshold level; 
threshold efleclof 

uranyl nitrate; as U 
threshold eHeclo1 

uranyl nitrate; as U 
threShold elleCt 01 

uranyl nitrate; as U 
threshold enKt 01 

uranyl nitrate 
disturbs 0: balance 01 

water and inhibits 
denlopmenlo1 en. 
lcric bcteria 

annot  withstand 
threshold 01 immobiliu. 

tion: BSA; a;[; zinc 
sunate 

pH 9.0 

pH1.8 

pH 6.0 

nc 

24 c 

50 percent immobiliu. " 

tion Na,SiOi BSA; 
i ;c;  100 hi exposure; 
+52 ppm NaHSOs 
and 2108 ppm Nat. 
so, 

tion Na?SiOi BSA: 
a:c; 100 h i  exposure; 
plus tu ppm NaHSO, 
and 0.861 ppm 
Na?CrO, 

tion Na?Cr04; BSA; , 

a;c; 100 hi exposure; 
plus 15 ppm NaHSOa 
and 3312 ppm NatSD, 

tion; BSA; 100 h i  ex. 
posure; a:c; NatCrO, 

in  O~util ization BOD; 
Na?CrO, 

w a g e  organisms reduction by 50 percenl Shcets I 9 5 P  
in  the BOO values; 
BOD; NaCN 

sewage organisms 50 percent inhibition ot Hermann 1959lqb 
Dtutilization; BOO: 
I; sodium arsenate 

in  2 weeks; field study 
in  lake; ax ;  NaAsD, 

50 percent immobiliza. " 

50 percent immobifiza. " 

50 percent immobiliza. " 

swao oqrnirms j; 1W prcenl  reduction lntols 1S.W 

Cladophora complete decomposition Cowell 196516' 

Spirotyra qgnema same as above Cowell 1965ls8 
Polarnogeton (plant) same as above 

Crosby and Tucker 
1966"~ 

Sanders and Cope 
19W' 

Cole l W s 7  

Southgate 1 9 4 W  

Brinfmann and 
Kuhn 1959Ih9 

Bringmann and 
Kuhn 19591s9 

Guskon and 
Griflein 1 9 W 8 s  

- 
Constituent Chronic dmc Spcdes Conditions Literature Citation 

14 mg/i 

0.15 mg/loI In 

0.04 mg/ lo l  I n  

0.16 mpfl 

0.15 ppm 

I . 8 m g l l  

1.4-2.3 mg/l 
1.0-1.4 mg/l 
0.33 mg/l 
1.25 ppm 8 
230 ppm 

35-45 percent 01 
incipient lethal 
level. 

1uu mgi i  

0.C-5.0 ppm 

53.3 mg:l 

.a mn/l 

12.6 ppm 

30 vvm 

0. I S  ppm 

QImo pirdneri bs 01 equilibrium in  Grindley 1946188 

sullate; conc. IS 2n; 
BSA; 

(Ish 
01 ZnSD,.lH,O 

Daphnia magna threshold conc. 01 zinc Anderson 19Mls' 
immobiliution using 
In(NOd? 

rainbow troul q g s  in  
SCIl water. 

armdams concentration Jones IWos 

ninbow trout prevention 01 halching 01 Affleck 1952fd:  

Psammechinus abnormlities 01 Iertili- Clcland 1 9 5 W  
midavis nt ion cleavage 01 eggs 

01 urchins when i n  
zinc sunale; conc. 
01 ln .  

Planorbis and 

sewate organisms reduction in BOD Shrels 1951"s 

. . . . . . . . . . . . . . . . . . . . . . Dcschicns et al. 
Bulinus (snails) 19511:' 

values by 50 percent 
zinc sullate 

by 50 percent in  an 
unbunered system; 
zinc borotluoride. 

n l u r  by 50 percent 
in  an unbunered sys. 
tem; zinc cyanide 

Daphnia magna median threshold eIIecI: Bringmann and 
as I n  Kuhn 1959159 

Escherichia coli same as above 
Scenedesmus same as above 
Microregma same as above 
Poecilia reticulala relardation 01 growth. Crandall and Good. 

(common guppy) increased maturity night 1962169 
and delayed sexual 
malurily; as In ;  
2nSD4 

tewage organisms reduction 01 BOD value Sheets 195Fs  

w a g e  organisms reduction 01 BOO Sheets 1951:aJ 

Salmo salar migration 01 salmon is Sprague and 
disturbed when cop. Saunders 19E3?'6 
per-zinc pollution ex- 
reeds this dotage 

levels in  urine. e w e  . 
tory organs. hepalo. 
pancreas and gills 

iobsier GUjkj iiliieiP iil z; !$E?',," 

Lepomir conbnuous Ilow bioassay. Mount 1 9 6 W  

Lepmteus osseus 
Oorosoma petenenre and gills. 
Oorosoma 

macrmhirus acute; a x l ;  accumu- 
lation 01 I n  in  bones 

stpedianum 

Cyprinus carpi0 
Carassius auratus 
Sllmo salal avoidance response in  Sprague 1964": 

50 percent of fish; 
BSA; a;c;d;e;l; conc. 
as In. 

AIOY ChrySKhlOIis 

81mo salal avoidance conc. lor  parr; Sprague et aI. 

shelllish 
conc. as In .  1964?" 

decrease in  01 uplake 
i n  presence 01 Zn 
SUIIII~ as Zn: I h i  
exposure in  polluted 
sea waler. 

creased. reduction 01 
appttile; as zinc; 1 
day exposure 

cause inhibition 01 
sen.purification 

Syazuki 1964:" 

loby rate 01 0 ,  uptake is de. Syaiuki 19642'B 

oysters Veen color evident; " 



468,'.4~fmdix 111-Marine rlqiialic Life and Wildlife 

TAB LE 2-Continued 

COnditiOnS Litentwo Citation Constitunnt Chronic d o a  Species Conditions Literature Citation Constituent Chronic dolo Spnies 

Poccilia reticuhta zinc damaged epithelium Cusich 19671'1 Zinc . .._.....___. 0.8 mg/l Salmo ia i rdnu l  hislological damage to B r w n  et a1 Zinc .__...._..... iSOpg/ l  

blls; Zn added along 19681~0 

with alkylbenane 
(In) 01 gills, reduction in ( I n )  

S U l l O N t O  
I00 Pill lrnshwater muueb  aaomulation 01 Zn i n  Rulq and 

I 

I 

tho number 01 mmous 
cells; pH 6; distilled 
water, high mortality 
rate Lqd ig  celh and Nabtani  19Wl 

151 6 184 ppm fundulus as I n ;  sluggish and un. Eisler 1967116 mucous cells 01 tho 
epilhelial tayers 

sub-lnthal conc. ol 
In .  low avoidance 

5.6 r: /  I Cyanophyla avoidance reactions Io Sprague 1 9 6 5 ~  I 
hateralitus COOldiNted JllW 2 

his; DO. 1.2-1.4 
ppm; 20 C: pH 8.0: 
salinity 25 O/CP 

bines with essential kin I 9 6 P  5.6 rg/l Salmo pirdnefi avoidance reactions Spnguo 1 9 W r  

tached to a k q  en- 0. I 8  mg /I Pimphaler 18prOdUclion inhibited; Brungs 1969161 
q m e .  promehs 

tadpoles) 18.0 ppm 

10.0 ppm Lebistes reticubtus b iwsuy;  a m ;  corn. Shaw and Grush. threshold 

$Ullhydrrl group at. 

no nnect on survival 
10.0 ppm Bulo vallicnps same as above (using " glOWth or maturation 

1.0 ppm Daphnia magna same as above der 01 gONdll cells Perlmultu 
O.3M.43 toric Salmo sahr reduction in  numbnr 01 Saunders and by 10 percent 1969m 

Salmo gairdneri reduction 01 mitotic in. Rachlin and 

Salmo gairdnm Complete inhibition 01 " units salmon reaching Sprague 1961as 32.0 ppm 
milotic division spawning grounds 

(avoidance reaclinns 16 ppm(24 hi) CyprinUSrdlpio hardness 25 ppm Ca; Tabata 1966)" 
01 migrating salmon) as Zn __ 
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APPENDIX III-TABLE &Accumulation of inorganic chemicals for oquatic orgonistns 

.......................................... 

.................... W d  
12 fl/l+Z mg/l l b l e  
Cd " 

16 mg/l(5 days) 
8 mg/l(JO days) 
20 mg/l(20 days) 
38 mg/lOO ml CaClr 

not measured 
946 p W 1  22 C 

8.52xio'cpm/ml 
9.42X10' spm/ml 
1.37XlO'cpm/m~ 
not mwrured 

1 ,,c Ca"Ch 

lO'cpm/ml 

Gncibria loliilwa 

Clusmychlhys gulosur 

Ulva prtusa 
Venerupir philippinarum 

... 

Leander sp. 

Slrongylmnlrolus 
pulrherrimus 

Chasmyrhlhys iUlDSUS 

Venerupis philippinarum 

Lepomis macrochirus 

Daphnids 
Tilapia mossambiw 
Lebistes 

Lcbisles 

Fucus vesiculosur 
Cenmium rubrum 
Enleromorpha inleslinalis 
Labistet (15 days) 

Danio 
Chromium.. .................... 10-13.0 f l  injectad into air CnSJus lURlUS 

(Cr) bladder 

viscera 
dig. lracl 
gill 
skin 
scales 
vertebrae 
muscle 
h a d  and fins 

whole 
mdntle gill 

addudor 
. . . . . . . . . .  

other viscera 
shell 
viscera 
muscle 
shell 

dipestive lracl 

gonad 
aristotle's lantern 
lcsl 
viscera 
digestive I l l L l  

gill 
skin 
scales 
vertebrae 
muscles 
head and flns 
gill 
manlle 
addurlol 
other viscera 
shell 
gill 

lresh weithl a lW48 hrs. 
fish tissue 
spine 
body 
body 

Carms 
head 
viscera 
muscle 
spine 
C a l U S S  

head 
viscera 
muole 
lhallus 

Whole 
spine (IO days) 
h w d  (10 days) 
total (10 days) 
vircera (10 days) 
muscle (10 days) 
whole (22 days) 
intestine 
liver 
pancrws 
spleen 
kidney 
head Kidney 
gill 
muscle 
backbone 

.... 

..... 

1.20~-13.000 

.......................... 3 . 6 ( 6 b y s )  

.......................... 1 5 0  days) 
.......................... 3.0 (2 days) 
.......................... 0.3 (2 days) 
.......................... 2.2 (lodays) 
.......................... 0.18 (3 days) 
.......................... 0.011 (3 days) 
......................... 0.31(8  days) 

......................... 11 (Ida!%) 

......................... Y(8 days) 

.......................... >100(3days) 

.......................... 8.3  (3 days) 

.......................... 52(8  days) 

.......................... > 3  

.......................... >2M 

.......................... 0.38  (1 day) 

....................... 125 

..... 110 (1.5 days) 

......................... > 8  

.......................... > 3  
........................ > I O  
...................... >10 
.......................... > 6  
....................... 11 (6 days) 
........................ 0.92(6 days) 
.......................... 0.80(5days) 
.......................... 0.22(3  days) 
......................... O.l6(4dayS) 
......................... 0.96(9 days) 
......................... i 9 ( 1  day) 
......................... 9.1(1.5days) 
.......................... 5.1 (3 days) 
.......................... 8 . 3  (1.5dayr) 
........................ > I  
6.34 rg ' k t  ..................... 
252 p t / k g  . . . . . . . . . . . . . . . . . .  
414 pg 'kg .................... 
138.3 mgilOO t . . . . . . . . . . . . . . . . .  
~.JXIO-: p c m  Ca. 0.6 

. . . . . . . . .  6 2 . 1 0 . 4  
......................... 0.1210.01 

" .* . n "", ,," A."., ........................ V . , ' ~ " . " " , , . "  -I,., 

. . . . . . . . . . . .  0.821'0.004 " .......... 
.......................... 1.031'0.015 " 

......................... 1.07rtO.039 " 

.......................... 0.5910.087 " 

.......................... 0.1021.0.024 " 

.......................... I.871.0.10 " 

.......................... 100.0*2.92 

.......................... 21.33=1.12 

.......................... 1.3k0.4a 

.......................... 3.1=t0.31 
90 prcenl  uptake i n  21 hours 
......................... 1OC-300 
......................... 100-300 
5 .5~106  cpm/lO ma .................... 
z . I I x 1 0 ~  cpm/lOO mg .................... 
1.Jx105 cpm/lQo mg ................... 
1.4~105cpm/100 mg .................... 
1 . 2 ~ 1 0 5  cpm!lW mg .................... 
.2xIO5 cpmJ100 mg .................... 
2.8~105cpm/ l00 mg .................... 
25 cpm/mg 
2540 cpm ' m i  
15-40 cpmlmg 
60-100 cpm/mg ................... 
200 cpm/mi 
215 cgm,'mg 
MO c v m / w  
IO cpm/mg 
~(HO cpm/mg 

................... 

.................... 

. . . . . . . . . . . . . . . . . .  

................... 

................... 

................... 

................... 

................... 

................... 

... 

. . . .  

.... 

.... 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

.... 

.... 

.... 

.... 
..... 
..... 
..... 
..... 
..... 
..... 

Hiyanu and Shimitu 1 9 6 W  

Hiyama and Shimilu 1964?80 

Mount and Stephan 1961?9' 

Korpincnikov et. II. 195Pn9 
Borouphs el. aI. 195J'L' 
Rosenthal 1951'u0 

O~M."h?l l ~ S l ~ U 0  

, Swill and Taylor 1 9 6 W  
Taylor and Odum 196O3W 

. Rosenlhal 1963'01 

" 

, , Hibiya and OgUli 1361'" 



47Q/APPendix III-Marine A quatic Life and Wildlife 

TABLE &Continued 

Constituent Concentration i n  sa wata specia Tiuuo m arpn Concentration in tiuuo Concentration IacIm Literatltro Cib t im  

Chromium ...................... Cnssius auntus 

0.204 pCi/ml lampsilis radiab 
Chromium ...................... 11.8M qm/g  Hermiono 

$*a) 11.03 cpm/g 
in.zz8 cpm/g 
0.31 P(/l 

Hermione 

Chromium 
(Cr) 

coban 
(CO) 

I=conc. 01 phyloplanklon Mummichof 
c u n u r b c r  lransferrsd down " 

lood chain 

(132 MCi/mg=initial conr. in Zooplankton. posl4arvae flsh 
phyloplanklon culture.) 

1 r C i  CrCb/l PodophUialmus vigil 

5 . l pC i  
51 CrCb injected 

Gadus ~crocephahls 
Chclidonichlhys kumu 
Eqnnis japonica 
i r l c o b b n ~  iapordcus 
fcrioh quiquendiab 
Gcrmo germo 
Kattuworms ngans 
Scomber iaponios 
CoMabis saita 
Sardinops mebnmticta 
i i c i p  piiidi 
Stirhopus lrcmulus 
Palinurur rp 
potpus w 
Omnusbephm sloam 
omw gigas 
Petten ysruanss 
h l u c l r i ~  maslr i i  lurmia 
Porphm w 

gONd 
air bladder 
roll tissues 
whole 

I ,  ' 

,#, 

whole 

gonad 
muscle 
gills 
splmn 
liver 
dig. Iracl 
whole 

[ills 
muscle 

midgut [land 
carapace 
blood 
gills 
midgul gbnds 

............. 

............. 

............. 

............. 

............. 
who10 

30-€4 cpm/mg .......................... Hibiya and Oguri 1961n~ 
l.WOcpm!mg .......................... 
119.6 pCi/g 440 Hans)  1969"  
10.313 cpm!g(9 day) 0.59 Chipnun 1951na 

3,111 cpm/[ (22 day) 0.21 
5,4IOcpm/g(ll dry) 0.31 

.......................... 1.5 0.5days) 

.......................... 12.0 (19.0 days) 
..................... 

0. Jpg!g  (3 day) (live) .......................... '' 
0.9,,c/g (5 day) (lire) .......................... '' 
1.1 ,,gl[ (1 day) (live) .......................... '' 
1 . 3  ,,[!g (9 day) (lire) .......................... Chipman 19611na 
I .  1 ,,I,'[ (12 day) (lire) ............. 
2 . 1 r g / g  (IS day) (lire) ............. 
2.1 (19 day) (lire) .......................... I' 

14.0 g (4 day) (lire) .......................... '' 
22.0 ,,[,'E (8 day) (live) .......................... '' 
?r: n;:.?l? ( I 1  dr?! (lire! 

14.0,,g'i(l5day)(lire) .......................... '' 
24 r ~ ! :  (2 day) .......................... 
40 " (4 day) .......................... 
51 " (6 day) .......................... 
68 " (8 day) 
M " ( I I  day) 
l O 6 r g / E  (13 day) .......................... Chipman 1 9 6 1 z n I  
206 " (3 day) 
288 " (6 day) ................. 
428"(11 day) .......................... 
495 " ( I 4  day) .......................... 
856 " (3 day) .......................... 
l l 19 " (6  day) .......................... 
1416"(11 day) .......................... 
1834"(14 day) 
......................... 9.0 
......................... ?.I 
.......................... 1.1 
......................... 6.9 
.......................... 1.1 
.......................... 2.2 
.......................... 9.9 
.......................... 13. 
.......................... 6.2 
SO00 dpm/mg(mal) (2 days) ......... 
79-80 dpmlmg (") .......................... 

15 dpm/mg (mas) (6 days) ...................... " 

50 dpm/mg(m1)(14 days) .......................... " 

IO dpm/m[(mar) (I6 days) .......................... " 

3000 (MI) (16 days) .......................... " 

ID00 (MI) (5 days) .......................... 
1100 dpm/mg(rml) (0-8 drys) .......................... " 

. . .  

.......................... 
Baptist and Lewis 1 9 W 1  

(2-4 days) 

............................. 36 Ichikawa 1 9 6 W  

............................. 82 

............................. zo 

............................. 30 

............................. I 4  
.......................... 28 

.......................... u 

.......................... €4 

.......................... 26 

.......................... 240 

.......................... 4.000 

.......................... 52 

.......................... 62 

.......................... 110 

.......................... 190 

.......................... zoo 

.......................... €4 
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TABLE &Continued 

Literrlure Citation Comfituenl Camntntion in y1 water Spcd8S T~ssue or organ Catcentration in tissue Concentration lactor 

Cobalt.. ................................................... laminaria sn. whole 

2.54 dpm/ml 

25.4 dpm'ml 
254 dpm/ml 
2 5 4  dpmlml 

25.40 dpm/ml 
~U,WO dpm/ml 
2.54 dpm/ml 
25.1 dpm/ml 
254 dpmlml 
2540 dpm:ml 
25, NO dpm!m 
254.000 dpm/rn 
6.81XtO~ dpm/animal 

(average) 

Black Sea 
N. W. Pacific 
Black Sea 
N. W. Pacific 
Black Sea 
N. W. Pacific 
0.00060.015 ppm 
0.0008-,0210 ppm 
0.002M.0026 
0.021 p Ci lml  
Llakanuk 

Alaska 

Kenai. Alaska 

Seward 

0.41 pCi/l 67Co 

1.2 pCi/l 
"CO 

Coppr. ........................ 0.002 N sol's 
(CU) 

MOnMbOlM Sp. 
Chasmichlhys iulosus 
Chasmichlhys gulosus 
Chasmichlhys iulosus 
Chasmichlhys iulorus 
Chasmichthys fulosus 
Chasmirhlhp iulmus 
Cimbrrus longulus longerortris whola 

0. m g  
" 0.491 
" 0.541. 

0.451 
" 0 . 6 4  
" 0.551 
" 0.wg 
" 0.mg 
" 0.54g 

Cambarus tonplus longeroslrir " 

" 0.458 
" 0.551 
" 0.43g 

Cambarus longulus longerostris gul 

Ulva rigida 
Ulva perruda 
Cystoseira barbala 
Sargassum thumbergii 
Leander adspersus 
Leander paciflcus 
Crassopa i ig in iu  
Cntsoslrua r ig in iu  

Lampriles radiala 
Oncorhunchus IshaWscha 

(King salmon) 

Oncorhynchus kela 
Chum salmon 
........................ 

Oncorhynchus n e r b  

Salmon 
Oncorhynthus nerka 
Salmon 
Oncorhynthus kisutth 

(Sociieyc Siiz6$ 

(silver salmon) 

Pleclonema boryanum 

P k t o n e m  boryanum 
Tridacna trw 
Plankton 
Sea invertebrates 
Fish 
Algae 
Pbnkton 
Sea Invertebrates 
Fish 
Plankton 
Algae 
Sea invertebrates 
Fish 
Fundulus hcteralitus 

.... 

.... 

blood 
muscle 
gonad 
integument 
hepalopanoreas 
whole 

flesh 
flesh 

soft tissues 
muscle F. L M 

liver 
roe 
muscle 
liver 
roe 
muscle M. 

liver 

bone 

mu& F. 
muscle M. 
livers 

whole cell 

-.... I- c .......... 
roe 

roe 

whole cell 
kidney 
whole 
whole 
whole 
whole 
whole 
whole 
whole 
whole 
whole 
kidney 
lire1 
dried nesh 

undried nesh 

.......................... 21 ILhikawr 196l:M 

.......................... 1s 

.......................... 0.101 (0.25 days) H i r a m  and Khan 1 9 6 W  

.......................... 0.511 (1 day) 

.......................... 1.57 (2 days) 

.......................... 4.58 (6 days) 

.......................... 4.56(9 days) 

.......................... 2.89 (4 days) 

165 dpmlaniml  164 

1.011 dpm/animal 90 
8.984 dpm.'animrl 81 
46. OOO dpm:mnimal 63 

11.000 dpm/animal 66 
8,161.wO dpm/animal 61 
793 dpm,'animal 624 
3921 dpm:animal 213 
23.321 dpmianimal 145 
18.881 dpm/animal 216 
36,814,000 dpm/animal 334 
26.900.000 dpm/animal 203 
1 . 1 2 ~ 1 0 ~  dpm/g .... 

2.93XlOZ dpm.'g 
3.09XlO'dpm!g ......................... 
2.31X103 dpmlp .......................... 
2.Z8XtO5 dpmlg .......................... 
1.96X105 dpm/g .......................... 
.......................... 335 
.......................... 38n 
.......................... 45 
.......................... 420 
........................ 11 
.......................... 1 
99.3-1153 ppm 0.6XIO' 
313-3114 ppm 2.4XIOb 
361663 ppm 2.5X10' 
21.3 p Ci ig  790 
........................ 9.100 

.......................... 50.000 

.......................... 12.000 

.......................... 13.000 

.......................... 32,000 

.......................... w.000 

.......................... 6.000 
3. MO 

.......................... 22.000 

......................... 28.WO 

.......................... 11.000 

....................... 

...................... 

.................... 
0.36pCiIg 0 days) 
0.32pCilg " 

0.28pCi/g " 

O.larCi/gO days) 
56000 pCi/g 
IW pCi!g 
950 pci/; 
18 pCi!g 
8.8 pCi!g 
15.0 pCi/( 
11.0 pCilg 
O.E9 pCi/g 
YI P C i h  
33 " 
Z W O "  
130" 
0.0100 percent (I hr) 
0.01M percent (3 hrr )  
0.0230 percent (4 hr r )  
O.W226plrent(l hr) 
0.00360 pcrcenl(3 hrs) 
0.WSTJ percent (4 hrs) 

.... 

.... 

6.400 
1.200 
33. wo 
31,000 
6.200 (25 C) 
4 500 (30 C) 
3.500 (35 C) 
2.w (4 C) 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 
.......................... 
.......................... 

Wilcr and Nelson 19Malo 

Wiser and Nelson 19Wllc 

Polibarpor el aI. 1967:us 

Preslon 136119: 

Preston 1961:~' 

Harvey 19691:: 
Ienkins 1969?" 

, ,I 

HIIW) 19693:' 

Harvey 1969'' 
Welander 196908 

Welander 136Pm 

Welander 1969O' 

Whits and Thomas 1912'm 
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Constituenl Concentration i n  sea water Species Tissue or organ Concentration in  limo Concentration I a d m  Literalure Citation 

Copper ......................... N/1000 sol'n. 
(CU) cuso, 

Cold ........................... oral d o u  
(nu) 

Iron. .......................... l . l x 1 0 - 6  mg/ml 
(Fe) 

0.01 m i l l  

0.01 mg!l 

Tautoga onitis 

Fundulus heterali lus 

lampsilis radiata 

blue crab 

croaker 

croaker 

blue crab 

Oactyolpleru: volilans 

Mackerel 
Melanogrammus aeglefinus 

Whiting 
Plaice 
Cod 
Trachurus japonicus 
Pleuronettes sp. 
Scomber japonicus 
Cololabis m a  
lateoiabrai japonicus 
Chrysophyrus major 
Sardinops maleanoslricta 
Theragra chalcqnmma 
Clupea pallasii 
Acanlhqobius Oarimanus 
Anthocidaris crassispinr 
Slichopus japonicus 
Panulirus iobster 
Penaeus (common shrimp) 
Rnueopsis sp shrimp 
Paralilhodes camtschatica 
UC:!!!!!! !!!:!!!!e rrlL 
Octopus tangsia:.o 
Turbo cornulus 
Haliotus gigantea 
Haliotus diversicolor 
Merelri i  merelri i  lusorii 
Venerupis japonica 
Oslrea gigas 
Porphyra teneri 
Cetidium amandi 

(Gurnard) 

(Haddock) 

whole (dry) 
blood system 
alimentary tract 
residuo 
flesh 

dried flesh 

roll tissues 

gills 

muscle 

carapace 

blood 

kidney 

gills 

skin (scales) 

liver 

muscia 

hear1 

spleen 

gonad 

dig eland 

stomach.gut 

gonads 

tlssh 

llesh 
flesh 

llesh 
flesh 
flesh 
whole 

intestine 

............... 

............... 

.............. 

............... 

.............. 

.............. 

.............. 
Whole 

............. 
.............. 
............. 
............. 
............. 
............. 

0.008 percent 
0.010 percent Cu Ory 
0.003 percent " 

0.005 percent " 
0.009 p e r m 1  " 
prcent  by weight 01 Cu. 

i n  dried ltesh 
0.0160 percent ( I  hr) 
0.0156 percent (2 hi) 
0.0201 percent(1 hr) 
1.6 #g/g 

.7 percent 01 oral d m  iller 

. 6  percent of oral dose alter 

.08 percent 01 oral dose alter 

.04 percenlol oral do= alter 

0.01 percenlol oral dose 

,055 percent 01 oral dose 

,009 percent 01 oral dose 

,132 percent ot oral dose 

.03 percent ot oral dose 

,0008 percenlol oral dose 

.O4t percent 01 oral dose 

,001 percent 01 oral dose 

12 percent 01 oral dose alter 

3 percent 01 oral dose alter 

. 8  percent 01 oral dose alter 

0.9xlO-6 mglgot rish 

4 days 

4 days 

4 days 

4 days 

alter 148 hours 

alter 148 hours 

i l l e r  148 hours 

alter 148 hours 

atler 148 hours 

i l l e r  148 hours 

alter 148 hours 

alter 148 hours 

4 days 

4 days 

I days 

228.5 

.......................... 

.......................... 

.......................... 

.............. 

.......................... 

.......................... 

.......................... 

....... ........ 

.......................... 

.......................... 

.......................... 

.......................... 

................ 

........ 

.......................... 

.......................... 

H a r r q  1969" 

Duka et a1 19Wn 

Duke et aL 1 9 S W  

Aten el aI. 1 9 6 W  

I.OXtG-~ " .......................... 
SXIO-' " .......................... 

0.4X10-5 " .......................... 
2x10-5  " 

1.2xt.Omg,ig " .......................... 
.......................... 100 lchi kawa 1 9 6 P  
.......................... 600 
.......................... 1,600 
.......................... 3.000 
.......................... 1,000 
.......................... 400 
.......................... 2.000 
.......................... 400 IcYkawa 1961*M 
.......................... 1.m 
.......................... 2.000 
.......................... 10,Ow Ichikawa 19612~-  
.......................... w.ow 
.......................... 1,000 
.......................... 1.000 
.......................... 4.000 
.......................... 4,000 

.......................... 6.000 

.......................... 9,oOo 

.......................... 1,000 

.......................... 17.000 

.......................... 11.000 

.......................... 7.m 

.......................... a.ow 

.......................... 2,000 

.......................... 4.w 

I "I. .......................... .."W 
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Liltralure Citation Species Tissue or organ Conuntratoin i n  tissue Concentralion laclor Coneluent Concentralion i n  sea water 

laminaria sp 
Undario pinnatilida 
Hizikia lurilorme 
Phyloplanklon 
Euphausids 
Mytitus 
kelp 
Lepas (barnacle) 
squid 
squid 
purple sea cucumber 
sca urchins 
Ulva rigida 
Ulva perruda 
quahog 

whole 

muscle 
liver 
whole 
whole 
whole 
whole 
shell 
tissue 
lecer 
shell 
tissue 
leces 
whole cell 

sol1 lissue 

digestive gland 

gills 
gills 
mantle 
manlle 
whole 
muscle 
liver 

whole 

.......................... 5.800 

......................... 1.MO 

....................... 2.900 
0 . 5 n C i ' k g  ........................ 
1.5 n Ci Jkg ....................... 
0.36 n Ci;kg ......................... 
0.03 " 

I4o.C " .......................... 
0.16 " .......................... 
8.6 " 

76.0 " 

0 48 " ......................... 
......................... 730 
.......................... 100 
9 . 5 ~ 1 0 ~  cpmlg ........................ 
670 cpm /g ......................... 
1 . 2 ~ 1 0 :  cpmlg ......................... 
l . l X 1 0 ~  .......................... 
2.3X10' ......................... 
1.1 X I 0 6  ........................ 
0 . 1 8 ~  Ci!g(2 day) 2,600 (25 C) 
0 . 1 7 ~  Ci/g(Zday) 2.400 (30 C) 
0.21 C i l g  (2 day) 2,100 (35 C) 
0 . 2 3 ~  Ci/g (2 day) 3, 200 (40 C) 
......................... 5.5 

......................... 

......................... 

.......................... 

I chikawa 196126' 

'almer and Beasley 196P9' 
'Ilmer and Beasley 1961:95 

Polikarpov el  aI. 1961'5' 

lndrewr and Warren 1969?jQ 

Harvey 1969::: 

I 0.00004 nCi/kg 
0.00004 n Ci/kg 

Black sea 
N. W. Pacific 
750 cpm/i 

380 cpm/n clam 

4.5X10-ap C1/125 ml 

3.3  mg/ l  Fe 
3.4 days 1.0 ma i l  
1.0 m i l l  
3.3 mail 
1.0 mgll  
3 . 3  mg/l 
1.0 mgl l  
3.3 mg/l 
124 pCi /I 01 safe 

Pleclonema boryanum 

Mylilus edulis 

Myli lus edulis 1. 

Algae. lish 

Clupea harengus 
Gadus sp. 
Scomber sp. 
Pleuronecler sp. 
Slichnput regalis 
Sepia nflicinalis 
Oclopus vulgaris 
Haliolus tuberalala 
Perlan iacohaeus 
Oslrea edulis 
Maclra corallina 
Ulva laclusa 
Enleromorpha sp. 
Laminaria saccharina 
Fucus serratus 

Hobden 1969:'1 

Hobden 1969?11 
l . 5 P a ' a  
........................ 
......................... 
........................ 
......................... 
......................... 

1.5 
5. (3-4 day) (mal) 
5.4 (2-3 day) (mal) 
1.3 (average) 
1.8  (mal) (0.3 day) 
l . O ( m a 0  (1 day) 
. 4  (maO(2.1 day) 
........................ 
........................ 

Welander 1969st"' 

lchikawa 196l:C' 

480 p Ci!g 
80 pCi,'g 
264.000 p Ci/a 

95 
320 

70 
200 
10,000 
50.000 
154 
10.000 
I ,  500 
b l L  
I ,  300 
1.500 
300 
7.540 

an 
Manganese 

(Mn) 

.......................... 

......................... 

........................ 

......................... 

.......................... 

Bryan and Ward 19651" 

Bryan and Ward 1965*6' 

Bryan and Ward 1965267 
Bryan and Ward 1965:" 
Bryan and Ward 19652" 

whole blood 
abdominal muscle 
hepalopancreas 

shell 
leelh 01 gastric mill 
slomach lluids 
hind gul and rnlum 
trcrelory organs 
ovary 
whole blood 
abdominal muscle 
hepalopancreas 
fills 
shell 

gills 

........................ 
3 .9Pg:g  we1 tissue I 5  day 

4 . 1  &gig  wet tissue 15 day 
26.9" 
207 " 
106 " 
1.6" 
3.4" 
5.1 " 
3.3" 
2,4&g we1 tissue 15 day 
0.8" 
4.8" 

225 " 
155pg/g Wet tissue 
236 r l l g  

0.a" 

m.8" 

......................... 

......................... 

1000 rgll lor 15 days, animals Homarus vulgaris 
were starved " 200-350 g 

... 

Homarus vulgaris 
m0-!5o g. 

Homarus vulgaris 200-350 I. 
Homarus vulgaris 
Homarus vulgaris 

" (728 g) 

Homarus vulgaris 

leelh 01 gaslric m i l l  
Carapace edge 
whole blood 
urine 
stomach lluid 
abdOmiMl muffles 
hepalopancrcas 
fills 
srcretory organs 
ossicles and lcsth 

........................ 
1.42 
0.66 
0.11 
0.15 
2.30 
2.14 
1.91 
1.42 

1 0 0 0 d I  Mn 

absorption in  11 hours 

absorption i n  72 houri 



474/&pendix III-Marine Aquatic Life and PVildlqe 

3 
TABLE 3-Continued 

Constituent Concentration in sea water S Q d O S  Tissuo or organ Comenlration in tissuo Concentration lactor Litualuro Citation 

?.Opc/l absorption in 12 hours HOIIIaNS v u l p r i s ~ Z 8  g) 

2.0 *:/I in sa water p l ' a  H t i i d f ~ ~  NIiarir 044 li 
IO mg Mn in stomach ab. 
sorption in 12 hrf. 

" 

2.0 ,,c, I in sea water PIUS IO Homarus wlvris 044 g) 
mg Mn in stomach absorption 
in 12 hrs. 

mrns: unstarved 
Z r g / l  normal sea waler sped. Homarur wlgaris 200-350 g. 

10 mg Mn pipelted into stomach Homarus vulgaris 320 g. 

O.IrCi/l Mnw Anodonh nutlalliana 

O.lrCi/l Mnw+C.I ppm Mn Anodonta nultalliana 

0.033 ppm stablr Mn 

0.033 Qpm stable Mn 

0.013 QQm 

O.OG04 pCi/ml W n  

0.2 ppm stable Mn 

0.00015 pCi/ml "Mn 

O.wOl5  pCi/ml 
Mnw 

0.004 pCi/ml 
Mnw 

*, . 
I ,  . 

Unio 
5.1-6.0 cm 

Unio 6.1-1.Ocm 

Unio 6.1-1.0trn 

Unio 1.1-8.0 cm 

Unio 5.1-6.0 cm 

Unio 1.14.0 cm 

Unio4.1-5.0 em 

Umo4.l-S.Ocm 

Unio 5.1-6.0 cm 

Unio 6.1-1.0 t m  

Unio 1. 14. 0 cm 

Unio5.1-6.0 cm 
Unio6.1-1.0cm 

shell carapace 
shell claw 
shell telson 
whole animal 
whole blood 
urine 
slomach fluid 
abdominal mu& 
hepatopancreas 
gills 
excretory organs 
ossicles and teeth 
shell. carapace 
shell, claw 
shrll. telson 
whole animal 

sicrelor) organs 
ovary 
blood 
hepatopancreas 
stomach fluid 

muscle 
shell 
ossiclos and teeth 
excretory organs 
gills 
calcareous tissuo 
manllr 
gills 
adduclor muscle 
dig. gland and stomach 
gonad and interline 
body fluid 
shell 
gills 
manllo 
viscrral sac 

shrll 
gills 
mantlo 
visceral sac 
adduclor m u d s  
shell 
gills 
manlle 
visceral sac 
adductor musclr 
shell 
gill 
mantlr 
visceral sac 

shell 
gill 
mantle 
viscera1 sac 
shell 
gill 
mantle 
visceral sac 
shrll 
gill 
manUo 
visceral sac 
shell 
gill 
manU8 
visceral sac 
visceral sac 
shrll 

manUe 

I,.:-. -..,.- 

.1A.._._. .. 
a Y Y Y L I " I  ,,,".,,~ 

adductor mUYh 

gills 

96.1 ;rC/g 
18.1 
181.0'' 
52.5" 
21.4" 
12.3" 

2.1 " 
6.1 " 
36.7'' 
11.3" 

114.0" 
85.6" 
151.0" 
59.5 mpc'a 

I . I "  

3 1 . a "  

3.1ra 'I 
1.6" 
(1 hr) 65 r!  'I 
(2'7 165" 
(2 hr) 385" 

(1 ") 10 " 
(7 '9 205 I *  

(2 ") 130 " 
(1 ") 100'' 
(1 hr) 55" 

I ,  >I\ *E I .  
,e ,". 

97.000 CQm/g 
45.000 CQm/g 
29.00o cpm/gm 
14.000 CQm/g 
18.000 CQmlg 
ll.oooCQm/g 
3.000 CQm/g 
762i-9.5 pg/g 

I3088f1470" 

;s;;si;; 

i4 ias+i2"  

357i*ais" 

a g ~ t i i .  o I *  

1a251f1 119 ' 9  

m a * 3 o i  ,g 

11165f581 rgig 

2565f296 " 

956f21.0" 
20131~1912 " 

5 0 3 4 i G i 2  '' 
U161f319" 

19659rga4 

............... 

............... 

............... 
5070f1095 rg/l 
2 5 1 4 ~ 5 0 4 "  
............... 
............... 
.............. 
............... 
............... 
............... 
............... 
............... 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

1.06 
1.31 
13.2 

2. m 
0.99 
0.11 
0.11 
0.49 
2.96 
1.40 
2.56 
10.8 
6.91 
12.2 
4 . 1  

3.82 

Bryan and Ward 1969.7 

Bryan and Ward 196P 

....................... Bryan and Ward 196Y*' 

.......................... 

.......................... 

.......................... 

.......................... 
.................... 

........ 
................ 

.......................... 

.......................... 

......................... Harrison l 9 6 P  

.......................... 

........................ Harrison 1961*" 

......................... 

.......................... 
2.3XlO' Merlini 1961'" 
6.0X10' 
5.5XIO' 
I.5XlC 

2.6X101 
7,lXlO' 
1.5X10' Merlini 19W' 

1.1 XIO' 

. .  
1 . 1  

1 .ax 10' 

z.axioI 
a.axio* 
a . 3 ~ 1 0 1  

. _ . _ _ .  o.azxto~ 

Z.IX10' 
I .  3x104 

. . _ _ .  3.6XIC 

...... 3.OXtO' 
1.6X104 
1.8XlC 

...... 1.9XlC 

...... 4l.OXlO' 

...... n.ax1r Merlini 1 9 6 P  

...... 5.6X10' 

...... 1.6XIO' 

...... 35.0XlC 

...... 9.5X10' 

.,._._ m.oxw 

.......................... 2.OXlW 

.......................... U1.0XlC 

.......................... 2a.oxtw 

.......................... 8.6XtC 

.......................... 1o.OXlC 

.......................... n.ox10I 

.......................... 1.6XlC 

.......................... 0.MXIC 

.......................... 3.lXlC 

.......................... 3.1XtC 

.......................... i.axi01 

.......................... 1 . 1 ~ 1 0 4  
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TABLE &Continued 

Conrtituent Concentration i n  wa waler Spteies Tissue or o r p n  C m n t r a l i o n  i n  tissue ConcanIration laclor Litenlure Cibtion 

0.W4 pCi/ml 
MnJa 

0.02 ppm sbble M n  

0.02 ppm slable M n  

Calil. 
Calil. 
l . l J L ( l l  

4.5XlP 
pCiI125 ml 

0.013 pCi:ml 

0.2 mg/l using HgClr 
1000 m i l l  using HpCh 
50 mg/l Hg using HgCk 

IO &I Hg injected in 0.01 ml 
sea water as HgCh 

IOggIl H i  injected i n  0.01 ml 
sea waler as HgCI? 

1.6 pc iniecled dose into air 
bladder 

0.06 ng/: H g  using mercuric 
nitrate 

Unio 6.1-7.0 cm 
Unio J . l d . 0  cm 

Unio 5.14.0 cm 

Unio 4.1-6.1 cm 

Unio6.1-7.1 cm 

Unio7. td .O cm 

Mytilus edulis 
Mylilus ulilornicus 
Laminaria digilata 
Pleclonema boryanum 

Lampsilei radiala 

Elminius 
Arlemia 
Leander serralus 

Leander serratus 

Crasrius auralus 

Cod 

visceral sac 
shell 
fills 
mantle 
visceral sac 
shell 

manlle 
visceral sac 
adductor muscle 
shell 
gills 
mantle 
adductor muscle 
shell 
g i l l i  
manlle 
visceral sat 
adductor muscle 
shell 
gill 
manlle 
whole 
whole 
plan1 
whole cel l  

fills 

sol1 tissue 
clam shell 

whole body 
whole body 
Branchioslegile 
Pleopods 
dorsal chilin 
gil l i  
anlennary gland 
hepatopancreas 
cenlral nervous system 
muscle 
branchiosle(ite 
pleopods 
dorsal chitin 
gills 
anlennary gland 
hepatopancreas 
cenlral nervous syslem 
muscle 
inlestine 
liver 
pancreas 
spleen 
kidney 
head kidney 
gill 
muscle 
backbone 
ionad 
air bladder 
blood 
heart 
liver 
Oleen 
lOMdS 
kidneys 
stomach 
brains 
sles 
gills 
llns 
scales 
muscles 
bones 
heart 

r)SfM.Orl/l 
1254f1292" 
7516f.986 " 

21Hi2l2 " 
mO83=29 *' 
225f5.6" 
11191~649" 

1104*:115" 
378f26.0 p l l g  
18154fl562" 

4964=t551 " 
m5Sf115" 
515*31.5pg/p 
ZQ2153=616 " 
16316f701 " 

m5*4ao 

1500a*iza8 

. . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  
0.llpg'g 

O.I1 0.16 ECi'! 
0.19" 
0.17" 
10.9 pCi,'g 
15.0" 

0.92 m t  4 dry w t  
0.41 mg/ l  " 

4.1mg'gdrywt. 
0.48 mg/g dry wt. 
0.13 " 

0.49 m g l g  " 

0.12mg?g " 

0.02 mg'g " 

0.04 mglg " 

0.00 mg'g " 

11.0 :g dry wl 
2.2 " 

1.4 " 

29.3 " 

13.3pg/g Irywl. 
4.4 " 

1.5 " 

2.1 " 

1000 cpm/mg 
1000 " 
1500 " 

1500 " 

l l W 0  " 
2500-IWO " 
200-100 " 

IW200 " 

IM)-?MI " 

m - 7 0 0  " 

900-1400 " 

2.511 ng/gO days) 
4.574 
0.876 

0.4412 " 

1.529 
1.248 
0.190 
0.270 " 

224.184 ' I  

7.171 

0.21162 " 

0.675 5days 
1.711 

1 . 3 8  

5.620 

....... 

....... 

....... 

....... 

....... 

....... 

....... 

I . 1 X l C  
0 . U X l C  
1 . 8 X l C  
4.0XIO' 
1 . lX lO'  
1.5XIOI 
8.7X10' 
5 . 3 X I C  
1.5X10' 
I. 4x104 
I . l X 1 0 '  

3.4X10' 
0.77X10' 
1.9XlO' 
11.OXIO' 
10.0X10' 
1.5X10' 
l.4X10' 
2.5X10' 
l4.0XlO' 
I l .OXI0 '  

800-830 
236 
15.350 (25 C) 
21.700(10 C) 
35.300 (15 C) 
21.900(40 C) 
2180 
1150 

a.oxio' 

a30 

.......................... 

......................... 

.......................... 

......................... 

.......................... 

.......................... 

......................... 

.......................... 

......................... 

39.2 
11.47 
13.69 
31.22 
6.89 
21.19 
19.50 
2.97 
4.22 
3668.20 
112.08 
87.81 
1.38 
10.55 
19.72 

Merlini 1967:s 

Merlini I96JZU 

Polikarpov et 11. 1967:" 

Bryan 1969:t' 
Harvey 1969:;: 

Harvey 1969:" 

Corner and Rigler 1 9 5 W  

Corner and Rigler 1956:o 

Hibiya and Oguri 1961z'b 

,I . 

Hannerz 1968*;8 
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TABLE &Continued 

Constituent Concentnlion in w water S ~ e s  Tissue or mgan Concentralion i n  t inuo Concentralion laclm Lileraluro Cil l l ion 

Mercug.. .............. 
(HI) 

0.06 ng/g Hg using mercuric 
Ntnto 

0.05 ng/g Hg usinl mercuric 
chloride (mean value) 

Cod 

Glossm'phonia COmplaMla 
Herpobdella oclaculab 
sludge worms 
Planorbis sp 
Lynmaca SbgMliS 
P h y u  lonlinalis 
Ephemeroptrn larrao 

lrichoplen larva0 
Tipula 
Chironomidae larvae 

0.05 ng/g Hg using HgCh damscllly nymphs 

Corira sp 
NoIonccb glauca 
Genis 
Planorbis sp. 
Lymnaea slagnalis 
Corisa sp. 

(mean value) Hydrophilidas hmo 

0.30 ng/g Hg mercuric chloride Piko 

0.30 ng/g Hg mercuric chloride Pike 

0.06 ng/g Hg mercuric nitrate 

0.06 ng/g Hg mercuric n i t n b  

Cod 

Cod 

Nickel. ........................ 8.2f0.2 cpm/g prewnl in soil Tridacna urn 
(NO ............................ Tridacnacrosaa 

O.Ofl.Ocpm/g praen l i n  soil " 

Silver.. ........................ 1 . 5 ~ ~  injected into air b ladda Cnrdus aunlns 
(An) 

1.5 pt injected into air b b d d a  Cnrdus iunbs 

liver 
spleen 
lONdS 
kidneys 
rtomath 
brains 

gills 
nns 
sales 
musclos 
bonos 
wholo 

Res 

blood 
hear1 
liver 
spleen 
gut 
kidneys 
gOMdS 
ayes 
brain 
gills 
scales 

muscles 
bono 
blood 
heart 
liver 
spleen 
kidneys 
Put 
brain 
eyas 
gills 
fins 
rulcs 
musclos 
bones 

k i d n q  
k i d n q  
k i d n q  

intertino 
liver 
plltCTUS 

spleen 
k i d n q  
head k i d n q  
gill 
mu& 
backbono 
gonad 
air bhdder 

nns 

0.365 5.10 
0.913 14.21 
0.487 1.61 
0.198 12.41 
0.610 " IO. 41 
(0.193) " 3.02 
0.153 " 2.39 
141.818 " 2309 10 
3.443 53.19 
3.1165 60. 39 
0.105 " l . M  
0.250 ( I  3.91 
.......................... 610 (65 days) 
.......................... 524 " 

.......................... 511 " 

.......................... 414 I' 

.......................... 293 " 

.......................... 631 ( I4  days) 

.......................... I38 (65 days) 

.......................... 513 (49 days) 

.......................... 28(14 days) 

.......................... 511 " 

.......................... 115 I' 

........ 655 " 

362 (65 days) 

...... 

...... 

...... 

...... 

...... 

...... 

...... 
116 n g l g ( 8  days) 
258 " 

311 " 

508 n g / i  (8 days) 
199 " 

495 " 

101 " 

36 I' 

284 " 

818 " 

211 " 

406 " 

26 " 

56 " 

0.29 ng/g(Z daJS) 
0.58 " 

0.08 " 

0.35 " 

0.21 " 

0.20 ng/g (2 days) 
0.15 " 

0.05 ' I  

41.8 " 

1.46 I' 

2.99 " 

0.03 " 

0.01 " 

158.of2.6 cpmlg 
41.2fO.6 cpm/g 
16I.Oj=3.0 cpm/g 

X&300 cpm/mg 
2250 " 

ZM cpm/mg 
200-500 " 

-(oo " 

-(oo " 

-250 
IM cpm/mg 
150 " 

mo " 

5002m " 

. _  603 '' 

. _  414 I' 

.. 483 " 

_. 431 " 

. . 560 (one mon!h) 

. _  241 '' 

.. 431 
581 
860 
1.258 
2.021 
663 
1.653 
351 
120 
941 
2.928 
113 
1.353 
81 
181 
4.8 
9.1 
1.3 
5.8 
1.5 
3.1 
2.5 
0.8 
196.6 
21.1 
49.8 
0.5 
1.2 

... 

... 

...... 

...... 

..... 

.... 

..... 

..... 

..... 

..... 

..... 

Hanneri 19681'5 

Hanneri 1 9 W 5  

Hanneri 1 9 W 5  

Bcaslq and Held 1- 

..... 

..... Hibiya and Oguri 19611'8 

..... 

..... 

.......................... Hibija and Oguri 1561~" 

.......................... 

.......................... 

.......................... 
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TABLE +Continued 

Constituent Concentration in sa water Spcies Litenlure Clhtion Tissue or organ Concentration i n  tissue Concentration l i t to r  

Uranium. ...................... 3.OXtO-6 pmnt 
(U) 

m o m  cpm/l 

12.009 cpm/l 
45,000 cpm/l(22 days) 

45,000 cpm/l(22 days) 

45.000 cpmil(3 day) 

Cbraphylae dialomae 
Rrh 

Meretrix meretrii Bzoria 

Cyprinus carpio 

Cyvrinus carpio 

Cyprinus u r p i o  

Cyvrinus carpin 

Salmo gairdneri 

Crassius auratus 

whole 
whole 
boned 

kidney 

[OMdS b r d  roe) 

[OMdS (SOll roc) 

mUYk 

blood 

brain 

2.OXlO-a pmnt U 
6 . 8 X l V '  prcenl  U 
5.4Xloa--1.2XlO-' 

I . M X l o a - 9 . I X l ~  

4. l5XlO- ' -3 .1XlV~ 

2.9xtO- ' - l .9x loa 

1.31XlO-'--1.32X1oa 

2 . 2 x l v ~ - l . o x l v '  

pcrcenl 

percent 

p r c c n l  

prcent  

prcent  

percent 

prrccnl 
3.22XIO-'-l.OXIO-~ 

.......................... Konlsky et al. 1961"o 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

gill 510 rpm/g .......................... Saiki and Mori 1955'" 
viscera (without liver) 215 " .......................... 
mantle 210 " .......................... 
liver 245 " .......................... 
adductor muscle 165 " .......................... 
siphon 165 " .......................... 
marginal par1 01 toot 145 " .......................... 
cenlral part 01 toot 110 " .......................... 
ashed solt tissue 15.8 cpm/g 1.3  
kidney 299 c q w n  .......................... 
fill 285 .......................... 
SWk 65 " .......................... 
hearl 51 " .......................... 
skin 51 " .......................... 

interline 21 
hepatopancreas 26 " .......................... 
vertebrae 5 " .......................... 
muscle 3 " .......................... 
gall bladder 2 " .......................... 
till 121 " .......................... 
skin 0 " .......................... 
scale 2 " .......................... 
caudal fin 35 " .......................... 
vertebrae 0 " .......................... 
inlesline 21 " .......................... 

caudal fin 50 CP1]/1 .......................... Saiki and Mori 1955'w 

pa.1 bladder 0 " .......................... 
hepatopancreas 31 " .................... 
kidney 89 " .......................... 
C!! 119 " .......................... 
skin 11 cpm/g .......................... Saiki and Mori 1955'" 
SWlL 81 " .......................... 
caudal fin 86 " .......................... 
vertebrae 29 " .......................... 
interline 121 " .......................... 
Ea11 bladder 51 " .......................... 
hepatopancreas 251 " .......................... 
kidney 1180 " ........................ 
heart 111 " ........... .... 
muscle 9 " ........... .... 
gil 128 " .......................... 
skin 40 " .......................... 
Iflk 31 " .......................... 
saudal fin 56 " ............ 
vertebras 36 " ............ 
intestine 50 " ............ 
[all bhdder 39 C Q f l h  
hcprtopancrcas 65 .......................... 
kidney 690 " .......................... 
heart 31 " .......................... 
muscle 4 " ............ 
tissue 1.4-12ppm ............ Lloyd 19Wq1 
t i l l s  fe-63 ppm .......................... 
intestine 415 cpm/mg w o o  Hib iy i  and OgUri I96l i7'  
liver 250 " .......................... 
pancreas 100 " .......................... 
spleen 15 I' 

kidney IU) " 
head kidney 115 I' 

.......................... &iki and Mori 1955a0? 

,, - 
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TABLE %Con tin ued 

Lileraluro Citation Consliluent Concentration in sea watet SpedB l i m o  01 organ Concentration in ticruo Concentration lactot 

Zinc,, ......................... iniecled dose 9.3 pc Cranius auralus 
(Zn) 

............................ 
Clu;aa karefi$s 
Anguilla anguilb 
Mugil tephalus 
Pleuronecls sp 
Stirhapus lromuhls 
Pataemon vulgaris 
Callinecla haslatus 
Octopus vulgaris 
Sepia Dnicinalis 
Loligo vulgaris 
Haliotus luborculala 
O s l m  edulis 
Pecten iapobaeus 
Geldium gracibria 
laminaria digilala 

(1O.3pC)0.25QQillzn Iclalurus nebulmus 
" 0.5 QQm Zn 
" 1.0ppmZn 

(1.08pc) 3.0 ppm Zn 
(61.6~~)6.0opmZn 
(IO.Jpc)0.2SppmZn 
(IO. 3 pc) 0.50 ppm I n  
(10.3pc) 1.0 ppm Zn 
(30.8 pc) 3.0 ppm Zn 

8.5pcI l ;  pH 1.3 26 h r r  in Ihe Porphyra 

8.5 pc/l; 26 hrs in Iha light " 

8.Spc/l: 26 h r r  in tho lighl " 

8.Spcl l ;  in 26 hours pH 8.6 POrphyn 

100 pg/l I S  day errnure Homams vulgaris (300 g) 

(61.6pc) 6.0 ppm Zn 

dark 

pH 8.6 

pH 1.3 

in the dark 

100pg/l 15 day exposure 
100 pg/l 43 day exposure 

IOopgll plus 66Wpg Zn ovu 
10 days (injected); 13 days in 
sea waler 

100 pg!l plus SMO pg I n  over 
IO days (injected); I 3  days in 
sea water 

I W  pill  Zn in sea w r t n  plus 
6Wpg I n  o w  10 days 
(injecled); 3 days alter 
injeclions 

100 pi l l  I n  in IU water plus 
=pg Zn over IU aays 
(injecled); killed 19 days 
after injections 

gi l l  
muscle 
hackborn 
gonad 
air bladder 
*hole 

whols flsh 

whols algal d i u  

whole algal disc 

whola algal d i u  

whols algal d i u  

blood 
urine 
ercrelory organs 

hepatopancreas 
stomach fluid 
gills 
shell 
ovaq 
blood 
urins 
escretory organs 
abdominal mustlo 
hepalopncreas 
stomach fluid 
gills 
shells 
vas dderens 
blood 
urine 
exuetw organs 
abdominal muftle 
hepatopancrus 

................ 

."""111111.1 I I IY1 ( .  

slomach fluid 
gills 
shell 

blood 
urine 

erueloq organs 

hepalopancreas 
stomach fluid 
gills 
shell 
vas delerens 

abdominal muds 

.......................... Hibiya and Opri 1 5 6 1 Y ~ 1  I10 " 

30 " .......................... 
15 I' .......................... 
4b " .......................... 
185 cpm/mg .......................... 
4cw .......................... Ithikawa 1961:M 
4. m .......................... 
yo 
2,900 
1,400 
1,900 
4. an .................... 
11.000 .......................... 
2.600 .......................... 
5,100 .......................... 
10,000 .......................... 
40,000 .......................... 
................ 11.000 
.......................... 80 
.......................... 400 
o . 0 4 s p g / g  
0.061 " 

0.025 " 

0.529 " 

0.066 " 
0.061 " 

0.100 " 

1.040 " 

2.110 " 

230 counl/min/g lresh wt 

400 countlminlg lresh wt 

300 counl/min/g lresh wt 

330 tounl/minlg lresh wt 

6.1 ,,gig we1 wt 
1.1 " 

28.8 " 

42.6 " 

1.1 " 

11.8 " 

11.1 " 

30.8pele  we1 wt 
10.0 ' I  

40.0 " 

21.8 
11.3 " 

51.9 " 

0.8 " 

31.5 " 

9.3 " 

12.0 " 

11.5 " 

4.0 " 

41.0 " 

14.4 " 

l5a.opg/l wet !a?. 

, .." , I  
I . , , "  

..... 
I J . 0  

0.1 pg/g we1 urt 
14.4 " 

10.1 I' 

8.9 " 

31.8 " 

24.8 " 

12.4 " 

111.0 " 

1.4 " 

29.0 " 

13.8 " 

13.4 " 

.......................... Joyner 196118' 

.......................... 

.......................... 

.......................... 

.......................... 

...... 

.......................... 

.......................... GuIbnethl1961~~* 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... Eman 1 9 W 5  

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

0 
0 
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TABLE &Continued 

Constituent Comntration in sa water S p i e s  Tiuue or organ Concentation in  tissue Concentration laclor Li l tn ture Citation 

Zinc. .......................... ltx pi  I n  inieckd inlo 

?wO pg Zn; 7 hrs alter 
injection 

SilO pg injection 150 hrs later 

O.W4fl/l 44 drys 
0.4 g radioactive brine.shrimp 

injcsted.44 days 
2.5pc/l 

(In) llomach; 3W hrs later. 

~x~o-o~c/ml 

Paralichthys 

Liltorin, obtunta 

Fucus edcntatus 
Carlcria so.. Witzschia 

clmlrrium 

same as above 

Same as above 

25pCi~kZn/l(l.8pCi/pg) 
7.1 pg/125 day erpDsura 
600 ,,g/g altcr 30-31 days 

uptaks 
2.2rtll 
0.028 pCi/ml 
2SpCi elZn/l 
O.IMX1O-r pCi 

mullet 
mullel 
qsters 
mud cnbs 
clams 
S N i l S  
marsh grass 
blue crabs 
mummichogs 
croakers 
oysters 
mud crabs 
clams 
snails 
marsh trass 
blue crabs 
mummichogs 
croakers 
Oysters 
Clams 
mud clams 
blue crabs 
mummichogs 
croakers 
I t l l lops  
Ulva perlusa 
Vcrnerupis philippinarum 

........................ 
ieander s p  

.... 

sroskelelon 
Slronglyaentrolus pubherrimus dig. tract 

hepalopancreas 
blood 

excretory organs 
urine 
whole animal 

whole 

whole 
whole 

whole 

whole 

whole 
whole 
whole 
whole 
whole 
whole 
whole 
whole 
visceral mass 
shell 
visceral mass 

shell 

muscle 
riritii 

Cnsroltrw virginio 

MertcMria marcenaria 

lsguipectcn inadians 

Panoplus herbstii 

Aronyr sp 
laminaria digitata 

lampdlis radiata 
Platichthyr slallalus 
Cnumtrea Cias 

ionad 
lesl 
dig. tract 
gonad 
test 
whole 
whole 
whole 
whole 
whole 
whole 

whole 
whole 

whole 
whole 

whola 
whole plant 

roll tissues 
whole 

1Ulpgll we1 wt 
27 " 

l17pglg  wet wt 
24pili  we1 w t  
.......................... 
.......................... 

6.5XlLT cpm/i (3 days) 
21 p I l g  (of anima0 
4.2XILT cptri.Jp (4 days) 

.......................... 
77f21 p p c h  (1 day) 
M*32 " ( I  day) 
39f lJ  " (1 day) 
3aflO " " 

35fl l  " " 

3 2 4  I *  

26f9  " " 

l J f J  " " 

J3f8 " (66days) 
20f5 " " 

20f6 " " 

m i 6  ,, 
13f8 " " 

22f1 " " 

18f6 " " 

22*2 *# 

1 , 1 1 1 ~ 5 0 2  ( I  day) 
503*l66 rrch 
853&'81 " 

323f112 p I s I t  (1 day) 
319f229 
Wf46 '' 
5.5613318 " 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 
.......................... 
.......................... 

.......................... 
k B p C i / g ( I m  hr) 
.......................... 
350 

17 
25 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 
290 (4 days) 
34 (3 day) 
4 (3  day) 
68 (4 days) 

IO 
540 
40 
I50 
i30 (11 days) 
14 (14days) 
IO 
200 
25 (1 day) 
15 
193 
146 
130 
139 
11 
22 
19 
I50 
282 
243 
317 
216 
117 
166 

1 1 0  
............. 

Duke et a!. 1 9 6 W  

Cross et 11. 1 9 6 W  
Bryan 1969" 

4080 
.................. 
5.6XW- .... 

Harvey 1969J" 
Rsnlro and Dstrrberg 196PoS 
Palo and LcrI 196P0 
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TABLE 3-Con t in ued 

Constilusnt Concentration in sea waler Species Tissue or organ Concentration in ti~wo Conconbation ladm Lilentum Cibtioa 

........... .............. 75pc/lZnss 

15pc/l Z W  

l.OJ4lIl 

Euphauads 

hawns.shrimp 

CrassoNo rirdnica 

eroskeleh 
muscle 

hemolymph 
eioskelalon 
murtlo 
hepalopanueas 
W S  
haamolymph 
sort tissue 
mnUo 
tills 
bbial p a l p  
muscle 
dig. t h n d  
r e m i n d u  
eilracellular fluid 
pallial fluid 

q e s  

51.1f10.4 cpmlmg 
l l . k l . 0  " 

4.4f l .4  
16.S11.3 " 

55.8f5.1 cpm/mp 
17.9f4.9 " 

6 . 6 4 . 0  " 

O.%tO.l " 

8 .8 f l . l  " 

159.4fl7.6 ppm 
135 ppm 
I82 " 
123 " 
79 pvm 
E4 " 
115" 
6.5" 
1.2'' 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 
I-1x10' 

.......................... 

.......................... 
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Appendix 111- Table 4/48 1 

APPENDIX Ill-TABLE 4-Moximum Permissible Concentrotions of Inorgonic Chemicals in Food  and Worm 

Constiiocnt Manmum Pumiu ibk  Substans Illlowed lo Contain 
Conccntntion 6 i n n  Conanlrition 

Conditions L Commenls 

Ammonia (NH,). . . . . . . . . . . . . . . . 0.5 mg/l 

5 ppm 
&Knic (As).  . . . . . . . . . . . . . . . . . . . 3.5 m:/kg 

0.1 mg/l 
1.0 mg/kg 
0.2 mg/l 

5 ppm 

Barium (Ba) ... . . . . . . . . , . , , . . . 1.0 mg/l 

drinking wiler 

apples and pars 
Iruifs and vegetables 

ready.to-drink beverages 
lood 
drinking water 

certain toads 

drinking water 

mmmcndcd  limit tor domestic n t c r  supplies; CoIDlntra. 

Uuincc lor residues immonium sunate 
l imit for residue on sprayed fruits t vegetables using w p p r  

limit lor content 
regulation on wnlenl 01 toad 
raammended limit lor domestic n t c r  supplies; cant  IS 

maximum prmiuible wnlenl 

maximum illowable limit 

tion i s  "a(+) 

IIKNIC. calcium arsentae t magnesium arsenate 

N H d t )  

Boron (E).. . .. . . . , . . . . . . . . . . . . 30 ppm 
8 w m  

Bromine (BO,. .  . , . . . . . . . . . . , . . . 15 ppm 

Bromine (Br).. . . . . . . . . . . . . . . . . 50 ppm 

40 vpm 
30 w m  

10 vpm 
5 Pvm 
50 vvm 

25 QDm 

Colton Ked 
citrus lruils 
vcgetablcs. bracoli. uI~ols. melons. parsnips. 

polatoes 
eggplant. okra. summer quash. weal wrn. 

wee1 potatoes. tomatoes 
pineapple 
cucumber. lettuce. peppers 
cottonseed, panuls  
asparagus. cauliflower 
lima beans. strawberries 
cereals 

residues from post.harvest ippliation 
residues tram posl.harves1 appliulion 
tolerance tor residues using nematocide elhylene dibromide; 

tolerance tor residues using nematocide ethylene dibromide; 
conrentration IS Br 

conc. i s  Br 

concentration as Br toleranw lor residues tumigated i l l e r  
harvest wilh dibromide 

100 ppm beans, biltcrmclons. antalopes. baMMS. citrus " 

Iruils. cucumber. guavas, litchi truit. longan 

Bromine (Br) 

25 ppm 
Cadmium (Cd) ... . . . . . . . . . . . . . . . 0. I mg/l 

0.01 mg/l 
0.05 mg/l 

Calcium(Ca). .. . . . . . . . . . . . . . . . . 15 mg/l 

Chromium (Cr) ... . . . . . . . . . . . . . . . 0.05 mg/l 
0.05 mgn 
0.05 mifin2 
1 Mg/inl 

coppec(Cu) ._..._.......__..... 1.0 m g n  
1.0 mg/l 
0.05 m#/l 
2 m i l l  
1 m i l l  
20 m g l k t  
60 w / k t  
300 m l / k l  

fruit. mangoes. papaya. pepper. pineapple. 
zucchini. 

cherries and plums 
malting 01 barley 
parmeun b roqudorl cheese 
dried eggs, processed herbs and spices 
raspberries. summer quash 

citrus fruit 
Cherries and plums 
walnuts and strawberries 
apricots. nectarines. paches 
eggplant 
muskmelon, tomato 
brmot i .  uullflower. peppers. pineapples. striw. 

dog loud 
cereals 
dehydriled citrus l ru i l  lor catUe 

endive end Ienuce 
~ M M %  
almond hulls, canals, alary. wp buns, turnip 
almonds, brussel sprouls. broccoli, cabbage, 

uulillowcr. eggplanl.melon. psmuls,pppcrs. 
pineapples, tomatoes 

berries 

berries, collonsced, cucumbers. grapes 
drinking waler 

drinking water 
drinking water 
drinkin! water 

drinking water 
drinking water 
lor covering sutlaa 01 land conlainerr 
closure area of packing conhinus 

drinking wiler 
drinking water 
drinking water 
rody.to.drink bavmges 
dder and concenbated rpll drinks 
most lauds 
yeast and yeas1 prcducls 
rplid mtin 

bromale calculated as Br tolerance for residues 
tcsiducs for Bromides ulculated IS Br 

tolerance lor residues of inorganic bromides; concentration 
I S  Br 

sail treatment with nemalaide 1.2.dibromo 3,chIcfopIo. 
pane tolerance lor residues calcullted IS Br 

lolcrance tor res!dues calsulatcd i s  Br 

tokrance tor residues calculated IS Br 

nuximum p r m i w b k  ormatration 01 Cd in domadic rup. 

mandilcq l imil of Cd in  domartic supplies 
lolerince timil at Cd in  domestic supplies 
prmiuible h i 1  

mnda lov  l imil for Cr+S in  domestic ruppfies 
mnda lcq  l imil 
limil not to be sicceded 
concentration olculatrd as Cr i r i ng  chronic chlafide mm. 

mmmended  limit 
permissible l imitlor domestic nler supplies 
pwmiuible l imil lor domestic wtm supolies 
established limits 
8ltlblished limils 
eltlblishcd limits 

plies 

PkltS 

World Health Organiration 1961'1s(WHO 1961) 

Fwd L Drug Administration 1 9 J I ~ l ~  (FDA 1971) 
FDA 1911"s 

Food Standards Commilles Io1 England t Wales 195914 
Fmd Standards Cammince lor England t Wiles 19591' 
WHO 1961"' 

Department at N i t i o ~ l  Heallh L Welfare. Canada 1911 
(CANADA 1911P 

U. S. Department01 Health. Education t Wenire. Public 
Heallh Service Orinking Water Standards 1962 (PHS 
1962)"7 

FDA 1911'1S 
FDA 1971~16 
FDA 1911"S 

FDA 1911'~6 
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TABLE 4-Continued 

Consliluont Maximum Pormiuibb Subslam Allnrod to Contain 
Concentration G i m  Cmntrat ion 

Conditions 6 Comma!& 

coppu (a). ................... 3 ppm 

Cyanide (CN) ................... 0.01 ml/l 
IW ppm 

0.01 mal l  
0 . 2  mal l  
25 vvm 
250 vpm 
100 pvm 
25 wm 
125 ppm 
50 vvm 
50 w m  
m ppm 
0.15 pclfenl 
'0.1 porconl 
0.095 pmmnt 
0.15 percent 

fluorino (F).,. ................. 1.2 mgl l  
0.1 m i l l  
1.5 mall  
1 pvm 

fluorins (F)... ................. 25 ppm 
Iron (Fo) ....................... 0 . 3  mall  

0 . 3  m i l l  
1.0 mal l  
0.1 m a l l  

Lead (Pb).. .................... IO ppm 

MaInQsium (MI). .............. 125 m a l l  
Manganero (Mn). ............... 0.05 mal l  

0. IO mgll  
0.50 m i l l  

Manganero (hln) ................ 0.01 mg/l 
Mmuq (HI) ................... 0.005 m i l l  

0.5 ppm 
NickQI (Hi). .................... 
Nibates ........................ 50mi/l  
Salonium (Sa). ................. 0.01 mg/l 

0.05 mg/l 
Sifvor (A@. .................... 0.05 mg/l 
Zinc (Zn) ....................... 5 mg/l 

5 m i l l  
65 ppm 
25 ppm 
15 ppm 

I .O m i l l  

Zinc (In) ....................... IO ppm 

7 mm 

5 
2 cpm 
0.5 pDm 

0.1 ppm 
30 wm 

pears 
MID; posl.harvest USE 

certain fwds maximum quantities CANLDA 1911"' 
drinking wats maximum allGWablQ limit WHO 19511.~~* 1961'~' 
drinking wala rocommondod limil PHS 1961117 
drinkini waler mandalcq limit 
cerelr and grains pmt-hrrrast application ol CaCN FDA 1911"' 
rpim goSthV63t  lumigation wilh HCN: IOkmmfm residua FDA 1911'l~ 
coQalS 
nul& i.0. almonds, otc 
C I I I  nourt 

uncwkod pork 

b k n q  products 

frozen meal 

drinking wale1 recommsnded control limib optimum; S U . 1  F PHS 1962'" 
drinking wator at19.l-90.5 F 
drinking WlQI raammQndQd limit WHO 1961"' 
applo. apricot. ban. bod. bbckbmiss. bluo- toleranca 01 combined fluorins for insecticidal fluorins com. FDA 1911'18 

IOlOfanCQ fCU IOSdDOJ WmplQIQd t w d  Io( COpPQl Cub- FDA 1911r'8 

limits not l o  be exceeded 
WlealS WokEd bQfM0 faling 

C S O a  

q g  While solids 

11111 

IOSidUOJ Of  HCN Shall not QIcDod IhQW limib 

berrior. boysenberries. btwsli. bruual pounds, q n l i t i  an? r:n!!!elig c!y!i!? 
SplOUl. Qk mOJ1 lIUib 6 Vqolabtes 

certain foods maximum CANADA 1911"' 
drinking water recommended limil PHS 1962'L' 
drinking walsr pQrmiSSiblQ limit WHO 19511"s 
drinking waler sxcessivo limit 
drinking walu rKommQndQd limil WHO 1961"' 
certain toodr maximum permiuiblo Isvcls mandator). limit for dOmQStiC CANADA 191W' 

watrr supplier 
drinking walu 
drinking waler 
morttruit. i.0. apples. Itapt. mangws.pachot. loleranco of combined lQ ld  using lead arsenals 

ChQrrieS. Ik; h N t O Q S .  young berrios. raJp- 
bemeJ. pQpperl.:8tl 

drinking water 
drinking water 
drinking water 
drinkini waler 
drinking waler 
drinking water maximum permirsible concenlntion 
certain IQOdS interim guidelinsr 
drinking walsr maximum permissible concenbation 
drinking waler 
drinking w i l o  
drinking waler 
drinking water 
drinking water rMmmQndQd limit IM domatic water supply 
drinking wilsr 
peanut. rins hay 6 sugar beds using I n  ion okubled as Zn 
straws of barley a b  6 q o .  whet  
~IUMJ. fodder of BQld wn. $weel con and pro 6 poSlhNQSt Ufo. Zfl iM Slkulated a1 ZO 

recommended limit for d0mQJtiC Wlkr JUppb 
recommended limil tor domettic walu supply 
pcrmisubls limil lor domestic water supply 
e r ~ r u r e  !imi!!ct ?cm%!!r E?!?! $!::!y 
recommend limil for dQmeStiC water supply 

recommended l imi l lm domatic walor rupply 
mandrlcq limil IM domatic walsr supply 

popcorn 

p l w s  
applsr.celnq. uabappfar,fonnal,paars,qui~ pro and porthanod UIO. Zn ion calmtatsd as Zn 

cnnberrim,auumba~grapsummusqnat~ usiq In ion calwlalrd as Zn 
Iomalom, molons 

grains ol brlq. ab. q o  and wheat 
orrots Lupf tmts 
con. vain. wn0a d. kidnq. Snr. ordom. " 

mut r  
atpualtls 
PJa- IdenllM Im residum ol fU!l@dQ bSk lh!S UhIU 

WHO 1961"' 
PHS 1962'1' 
WHO 1958"e 

WHO 1961"' 
Kirkor 195I11O 
CANADA 1911"' 
Kirkor 19513's 
WHO 1961"' 
PHS 1962"' 

PHS 1 9 6 P 7  

WHO l958."8 1961"' 
FDA 1911"8 

WHO i g s y  1961319 

FDA 1911"* 
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Ar'P.Sh'DZX ZZZ-TABLE 5-Total Annual Production of Inorganic Chemicals in the U.S.A.  
(U.S. Deprtmenl ol Commm, Bureau ol tka Census. 1971)n~ 

Tot11 Annual Product 

~rhorl tons) 
Cmrtiluent Farm ol Ebmrnl Production Code Year 

6,559.11 
23.838 

19.511 
125,767 
143,131 

1,243, W3 

12.917.U2 
14,wD 
1 , 6 1 5  

s,as1,234 
1.915.121 

I969 
1969 

1853 
1969 
1969 
1969 

1969 
1959 
1955. 

1969 
1959 

W u m  ... ..,. , , L C O s l m p m n l  is,ooz n i w  1853 
@a) 

Bismuth.. , . . . . . SLI~UI~ION~S im mnt (bi*OtCO~)-Hlo n n i s  is9 
C) 

Bson. .... .. . . . boricacid-1W pmnt 
Na&O1.10 HI0 

i 
8 
E 
E 
I 
i 
I- 
! 
1 

l ob1  Annual Rcduti 

(short Ions) 
bmtitucnl Fum of Ebmsnt Rodutbon code Yeai  

Cyanide.. .. . . . , HCN-100 prcsnt 
(CN) 

221.536 2819461 1969 

NIrSiFi-lm parcnl 48.975 2819751 1969 

tlnorins .._. . . . . w-im pcmant anhydrous 
(F) NaF-I00 pacant 6.m n 1 9 n 8  196s 

HF-I00 pcanl  11.m n i m  1969 

Hydrqen .._... . nlsorim p m n t  
(n+) 

M k q  .... . . . , mcrcury-fadirtilkd 
(HI) 

2O.W , 21119956 1969 

Phmphorus.. , . , ekmsnbl-whld &red (tech) 628.99 211199511 L 1969 
(P) 21119959 

POCGIW pmnl 3 1 . w  n i s 6 o  1969 
u.759 n 1 s 6 1  196s Prs.--lm prcant 

P~O.- lW prcanl 3.566 2819962 196b' 
P C G l W  p m n t  51.112 21119963 1969 

Silver.. . . . . . . . , AgCN-100 pmnt 
(AI) 

A g N O r  

1,795 2819971 1969 
(thounnd IV 01.) 

113,809 nisn ISSS- 

- 
1965 (hroqfi 1Ef6 llfures withheld la tvdd dirdodnf (ha mrsr C indindual Canrprmia 

" lndudn umpcifled amounts ~roduwd and rhipgsd on cmtnct blur 
.ucombinad with 81 and €3 Is 1969. 
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APPENDIX III-TABLE &Toxicity 

Substance TartEd Formulation Organism Testod Common Namo tile Stago OT silp Cam. (ppb act ingvid.) MDUmds 01 Assessmod 
(mm) in ualu 

lnsntiddos Ownahloride 

Aldrin ................ 
Aldrin.. ............. 
Aldrin.. ............. 
Aldrin.. ............. 
Aldrin.. ............. 

Aldrin ................ 

Aldrin.. 
Aldrin.. . 
Aldrin.. ............. 
Aldrin. .............. 
Aldrin.. ............. 
Aldrin.. ............. 
Aldrin.. ............. 
Aldrin.. ............. 
Aldrin.. ............. 

Aldrin., ............. 
Aldrin.. ............. 

Aldrin.. ............. 
Tri44ust. .  ......... 

Chlordano.. .......... 
Chlordane.. .......... 
Chlordane.. .......... 

.(J.._ "Will.. .............. 

DOT. ............... 
DOT. ............... 
DOT.. .............. 

DOT..  .............. 
DDT.. .............. 
DOT..  .............. 
DOT..  .............. 
O D T . .  .............. 
DOTb.. ............. 
Torapheno.. ......... 
Parathion. ........... 

Technical 
Technical 
I W  percent 
100 percent 
100 percent 

100 verwnt 
100 parcent 
100 percent 
100 portent 
100 percent 
I W  percent 
ID0 percent 
100 percent 
Technical 

Technical 
TKhniUl 

Technical 
81 percent 
Benzene Herachmido 
100 percent 
too percent 
100 percent 

-... 
~rruiti*i 

Palaomon mauodaclyle+ 
Palaemon mauodaclylus 
Crangon qtemspinma 
Palaomonelm wlgaris 
Pagurus longicarpus 
MerCeMria mertenaria 

Fundulus helercdlus 
Fundulus heteralitus 
Fundulus maialis 
Menidia menidia 

Ttulassoma bilasciatum 
Sphaeroides macutatus 
Anguilla rostrata 

MUbl CEpblUS 

G~SlElOllEUS aCUlalvS 

Cymalogaster aggreuta 
Cynutogaster ag(regata 
miaomciur minimus 
Miuomelrus minimus 

Penaeus azluus 
Palaemon nuuodaclylus 
Palaemon mauodaclylus 
Pslerosleus aculeatus 
DuMlidb euchlora 

PENeUI WtifKUl 

DuMhlla eIItNMa 
OUMlidla euchlora 
Phamdaclylum lricornutum 
Shelaonema costalum 
Sheletonama coshtum 
SkelEtOnaIM coslatum 
Cyclolella nana 
Cyclotcllr nana 

P r o t a a t u s  rp 
Chlorella sp 

Phaeodaclylum tricornulum 
Monothrysis lulheri 
Crassostrea virginica 

DUMhlb EUChlOla 

KMean shrimp 
Korean shrimp 
Sand shrimp 
Grass shrimp 
Hermit crab 
Hard clam 

Mummichq 
Mummichq 
$tripod Ulliflsh 
Allantic Plvtrsido 
Striped mullet 
BlUehed 
NOcthErn pUffE1 
AmErican eel 
Threespino stichlohacb 

Shiner perch 
Shiner perch 
Dwarl perch 
Dwarl perch 
While shrimp 
Brown shrimp 
Korean shrimp 
Korean shrimp 
Threespine stickleback 

................. .74 (.5I-l.W 

................. l(l.14.5) 
16 0 
31 9 
3.5 u 
brvao 500 
I d I V a O  IDDO 
Erns >loo00 

bmo 410 
42 4 
55 0 
49 17 
57 11 
85 I00 
80 12 
tu 16 
56 5 
22-14 27.4 

................. 1.4 

................. 2.26(1.OW.J4) 

................. IO 

................. z . r n ( 1 - 4 . ~  
4 1 . E 4 . 9  3% 
11.9+.4 4wQ 
................. 18(l0-38) 
................. 11 (7-18) 
22-44 160. 

........................................... I000 

........................................... I00 

......................................... IWO 
........................................... ID00 
........................................... IW) 
........................................... IO 
........................................... IO00 
........................................... 100 

IO ........................................... 

........................................... 600 

........................................... 600 

........................................... 500 

........................................... 500 

........................................... 40 
Amerian qrta ZJ mean height 1.0 

................................................................ 1.0 
............................................................................... 1.0 

11.50 

Lc-50 
TL-50 

LC-50 
LC.50 
37 pemnt mmnl 
00 parcoat 
TLffl 

TLffl 
LC.50 
LC.50 
LC-50 
LC.50 
LC.50 

LC.50 
LC.50 
TLM 

TL.50 
11.50 
11.50 
TL.50 
TLM 
TLM 
11.50 
11.50 
TLM 
I2 perwnt reduction in Os evolution 
32 percent reduction in 01 ~rolulion 
10 percent reduction in Or evolution 
35 percent reduction in Or evolution 
I9 percent reduction in Or evolution 
32 pertent reduction in Or evolution 
36 percent redwjon in Or evolution 
53 percent rEdUctiOn in Or evolution 
13 EnKt percent c4 tosium reduction an in trm 01 erolulion a! p!!$@?L- 

0.50 raluo a 
1.M rat!o of 0.0. 
0.74 of Eipt f 0.0. 
0.91 control 
0.57 
Weight dinenma batween tonlrol and 01- 

1c.m 

ton 

perimental q s t e t s  

DOT. ............... Technical Grad0 PEMCUs dUMlNm Pink Shrimp 13.3 mm(Aug.) 0.12 T L a  
DOT ................ nptrcent Pataemon mauodaclylus KMUn Shrimp ................. 0.86(0.4l-1.59) 11.50 

DOT ................ P,Plisomer Cranfon wptemspinma Sand shrimp 26 0.6 LE.% 
OD1 ................ P,Plisomtr Pala8mOnEtBS vulgaris Grass shrimp 11 2. 1c.m 
D O T . .  ........................................ Callinecta sapidus BlUO crab Aduil 19. (9.-36.) T i m  
DOT.. ........................................ CaIlinKtsr sapidus 8lUE crab Adun 1. ( 2 1 4 )  T i m  
DOT ................ P.Plisomer Paturus bngicarpus Humi luab 3.5 6 LC.50 
DOT ................ P.PIisomer Fundulus hatucditus Mummichql u 1 LC.50 
DOT ................ P.PIisoma Fundulus hetercdiluf Mummichq 55 5 LC.50 
DOT ................ P.Plisomm Fundulus maialis Stripad titifle '" ! .".a 

DOT. ,  .............. P.PIisomer Monidia menidb Allantic dlvorndo 59 .4 LC.50 
DDT ................ P.Plisomer Mugil cephalus W i d  mulm i6 .9 LC.50 
DOT. ............... P.P'isomor Anguilla r&ta American wl 56m 4 LC.50 

.... P. P' isomer Thalartoma bihrdttum Bluehead . 80 mm 1 LC.9 
__.. P.Pisomw Sphanoidm nucutatus Nmthan puller 140 mm 89. LC-50 

DOT ................ JJperwnt Palaemon mauodaclylus KMea shrimp ................. O.lJ(O.OM.32) 11.50 

.I.. 

* N.B. Italic lypa fonts were not available i n  a taitabb paint s!ze Ed. 
Concantration oi  Tri.6-dud 

u 
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Doto for Orgonic Compounds 

96 hr Ntic lab bioassay I S 1 8  12-30 

96 hr static bioassay m f . 5  24 
96 hr static bioassay m f . 5  21 
96 hr Ntic bioassay m ~ 5  24 

96 hrintrrmincnt flow lab bioassay 13-18 12-30 

IO dry  kocell stage leflilized 24fl .......... 
IO daw ems intioduccd into bit media 2 4 f t  .......... 
UI h r ~ 5 0 ~ r c c n l o l  eggs develop 

12 day 50 pemn lo l  larvae survive 
96 hr static bioassay 
96 hr static bioassay 
96 hr static bioassay 
96 hr static bioassay 
96 hr slalic bioassay 
95 hr slatic bioassay 
96 hr stalic bioassay 
96 hr stalic bioassay 
96 hr static bioassay 

96 hr static bioassay 
96 hr inlermillenl Ilow bioassay 
96 hr static lab bioassay 
96 hr inlermillenl llow bioassay 
24 hr stalic lab bioassay 
24 hr static lab bioassay 
96 hr slalic lab bioassay 
96 hr inlermillcnl Ilow lab bioassay 
96 hr stalic lab bioassay 

normally 

09 production measured by Winkler 
Lighl.and.Oark Boltle Technique. 
Lmglh 01 lest 4 hi. 

Organisms grown in  tesl media con. 
tainini pesticides for IO days 0.0. 
measured a1 530 mp 

36 wk chronic lab bioassay 

28 day flowing lab bioassay 
86 hr stalic lab bioassay 
96 hr llowing lab bioassay 
96 hr static lab bioassay 
96 hr N t i c  lab bioassay 
96 hr static lab bioassay 
96 hr Italic lab bioassay 
96 hr static lab bioassay 
96 hr Ntic hb bioassay 
96 hr static lab bioassay 
96 hr Ntic hb bioassay 
96 hr N l i c  lab bioassay 
96 hr N t i c  hb bioassay 
96 hr static lab bioassay 
96 hr stalic lab bioassay 
96 hr static lab bioassay 

~ 

24fl . 
24fI ... 
m 24 
m 14 
m 24 
m 21 

m 24 
m 24 
m*.5 25 

20 24 
20 24 

l3f1 18 
14-18 25(25-26! 
13fl 16 
14-18 28 
11.4-22.3 31.1 
11.4-22.3 31.4 

13-18 12-30 
n - ic  12-30 

m*.5 25 

. . . . . . . . . . . . . . . .  

................ 

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

................ 

. . . . . . . . . . . . . . . .  

................ 
20.5rtl 22-28 
ms*i 22-28 
m s r t i  22-28 
m s f i  22-28 
m s i i  22-28 
9-25 21-29 

21-29 24-33 
12-18 12-30 
13-18 12-30 
20 24 
20 24 
10 8.6 
21 8.6 
20 2 .4  
20 24 
20 24 
20 24 
m 24 
m 24 
m 24 

m 24 
20 24 

Turb. 1-12 JTU 
Turb. 1-12 JTU 
pH 8.0 0.0.1.1-1.1 m i l l  
pH 8.0 0.0.1.1-1.1 m a l l  
pH 8.0 0.0.1.1-1.1 mgll 
................................ 
................................ 

........................... 
pH 8.0 0.0.1.1-1.1 mg/l 
pH 8.0 0.0.1.1-1.1 mall  
pH 8.0 O.D. 1.1-1.1 mall  
pH 8.0 0.0.1.1-1.1 mpll  
pH 8.0 D.O. 1.1-1.1 mp l l  
pH 8.0 0.0.1.1-1.1 mgll  
pH 8.0 0.0.1.1-1.1 inall 

pH 6.8-1.4 Total alkalinily= 

5.0 JTU Turbidity 
Turbidily J(5 -10 )  JTU 
Turbidily 18 JTU 
Turbidity 1 JTU 
pH=8.15-8.2 
pH= 8.15-8.2 
Turb. 1-12 JTU 
Turb. 1-12 JTU 
pH 6.8-1.1 Total Alkalinity 

pH 8.0 0.0.1.1-1.1 mgll  

45-51 ppm 

i s  CaCoj45-51 ppm 

250 1L.c lor 4 hrr 

540 Il..c continuous 

.......................... 

.......................... 
Turb. 1-12 JTU 
Turb. 1-12 JTU 
pH=8.O 
pH=8.O 

...... 

.................... 
p H ~ 8 . 0  
gH=8.O 
pH=8.O 
pHs8.O 
pH=I.U 
pH=8.0 
pH=8.0001.1-1.8 
pH=l.O DO 1.1-1.8 
pH-8.6 DO 1.1-1.8 

95 pmt confidence in lern ls  

95 percenl confidence 
inlcrvals 

............................. 
Nons 
None 
95 percenl confidence inlervals 
95 percenl confidence inlcrvals 
NOW 

bvalues 
ReSUlls andlyzed 8.4 

using I4ailed 5.3 
T.lesl silnif iuncr 5.3 
110.05 level 2.9 

5 . 5  
2.5 
5.2 
2 . 9  
2.3 

Nons 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 

...... 
...... 

...... 

w a n  i n  wiier weiginis we10 siaiisiisiiy 
dillcrenl at 0.05 aller 22 wks. 

95 percent COnfidenCC inlervals 
95 percenl COnfidCnCL) inlervals 
95 percent confidence inlervals 

............................... hmest (unpublishcdp~~ 
.................................... 
.................................... OBI 1969"' 
.................................... Eislcr 19591'1 
.................................... Eislcr 1959~' 
.................................... Dins and Hidu I % W  
.................................... Div isand Hidu 196924 
.................................... Davis and Hidu l96P:t 

.................................... Davis and Hidu 1969"' 

.................................... Eislcr 191Oa3zs 

.................................... Eisler 1910b'?* 

.................................... Eisler l9JOb~:~ 

.................................... Eisler 19J0bx'v 

.................................... Eisler 1910b~as 

.................................... Eisler 1910b'?* 

.................................... Eislcr 191Ob'?' 

.................................... Eisler 1910b'?* 

.................................... Kab 196133' 

................... 
I .O(O.?M. 12) 
0.38(0.224.54) 
.................... 
.................... 
. . . . . . . . . . . . . . . . . . .  
.................... 
.................... 
.................... 

................ 

................ 

................ 

................ 

................ 

............... 

................ 

............... 

................ 

Earnest and Benville (unpublishcdp 

Chin and Allen 1951"" 
Chin and Allen 19513" 
hrnes l  (unpublished)ss 
Earncsl (unpuhlishcd)'u 
Kab 1961'33 

.................................... Derby and Ruber 1911'?b 

.................................... 

.................................... 

.................................... 

.................................... 

.................................... 
.................................... Ukeles 1962"' 
.................................... 
.................................... 
.................................... 

.----- . .-,.a7,.u, 
'U",S. ","S -..a. 1.1." 

--- .. ". 
YYL=I* .Y-  

DDE=.2O 
ooT=n.O gill, kidneys, 
Touphene=9.0 digestive lu- 
Parathion= .WJ bules. n ~ c r a l  

ganglion and 
tissues benaath 
gills. MyKlial 
lunpus also 
presenL 

0.19 (mUKk) ................ Nimmo el ai. (unp~blishedp5~ 
.................................... Clrnesl (unpublishcdps 
.................................... h rnes l  (unpublished)as 
.................................... Eisler 1969"' 
.............. ................ Eider 19695?7 

............................. Mihood (111 1910"? 
.................................... Mahood ct a t  191C'f 
.................................... Eislcr 1969327 

.................................... Eislcr 1910a'*l 
... Eisler 191Ob'f* 

.................. Eider I9J0b3~* 
....................... Eislcr 19JOb'f* 

.................................... Eisler 19J0b'?e 

.................................... Eisler 1910b~*9 

.................................... Eisler 191Ob'?s 

.................................... Eisler 1910bS*9 

..................... 

b Mirlure 01 1.0 ppb 01 DOT. Touphene, Pirilhion. 
= Residue allcr 36 week eiDosurc. 
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TABLE b 

Dqanism TatDd Common Namo Life Sbgo m Sin Corn (p@ acl inmd.) Mulhods cd llrrenmcal 
(mm) i n  watm 

DOT. . . . . . . . . . . . . . . . 
DDT.. . . . . . . . . . . .... 
DOT.. . .. . . . . . . . . . . . 
DDT.. . .. . . . . . . . . . . . 
DOT. _. ........ . . ... 
Dieldrin.. . . . . . . . . . . . . 
Dieldrin.. . . . .. . . . . . . . 
Dieldrin. .. . . . . . . . . . . . 
Dioldrin.. . . . . . . . . . . . . 
Dioldrin.. . . . . . . . . . . . . 
Dioldrin.. . . . . . . . . . . . . 
Dieldrin.. . . . . . . . . . . . . 

P.P'iromor 
Tuchnical gndo 

P. P'iromm 
P. P' i m m u  
Is psrconl 
€3 pmcDnl 
100 Balcenl 
1w) p2lconl 
100 pSMn1 

Technical gndo 

6 a l t ~ M t W l  acuteatus 

Miuomatrus minimus 
Cymatqam amslab 
liueatm minis.;$ 
Pataemon macrodactylus 
Pataomrm mnrodaqlus 
Crangon wplcmspinma 
Palaemonales wlgaris 
Pagurus longiarpus 

.........._ Craumtro rirginica 

...,.___._. Nasmobsotata 

CYMtWStM ltglltab 

Dieldrin., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . 
Dieldrin .............. 100 pOrcDn1 
Dieldrin ....... , . .... . 100 percent 
Dicldrin ___..._. _. . . .. 100 mnt 
Dieldrin .... ._ .  . .. ... . 100 prccnl 
Dieldrin ,_.__......... 100 pmnt 
Dieldrin .... , .. , _ _ .  . . . 100 prwnl 
Dieldrin __..__. . . . .... 100 pemnl 
Dieldrin .... , . . . . . . . . . Technical 

Fundulus helmocSlus 
Fundulus halMLIilU5 
Fundulus majalis 
Mcnidia menidii 
Mugil cephalus 
Anguilta rostnta 
Thatassoma bilascialum 
SphaMoilos matublus 
Galtoraleus aculwtus 

nialdn'n l u h n i o l  C ~ m r l q r d a r  rEryrls 
Dieldrin. ._. . . . . . . . . . . Technical 
Dieldrin .... .._. . . . . . . 0.012 pomnt W/V 

Miuometrus minimus 
Pocdlir tatipinna 

Dieldrin .... , , ._ .  . ... . 0.012 pmcont W/V 

Dieldrin.. . , . , . . , . . . . . Technical 

Dieldrin.. . . . . . . . . . . . . Technical 

Endrin ...,.__..__.... 99pmnl Pataemon mauodactylm 
Endrin., , . _ _ _ _ .  . . . .. , 99 percent Pabeman macrodactylus 
Endrin ... . . . .. . . , . . . . 100 percent Crangon seplamspinora 
Endrin _..,....__...._ 100 percont Pafaemoneles vulgaris 
Endrin ... . . . . , . , ._ 100 pcrcant Pagurus longiarpus 
Endrin ........_...... 100 oerconl L s m  Obsalata 

Poecilia fatipinna 

Cymatqaster aggrqata 

Micrometrut minimus 

Endrin.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . , , , , . . Crassostro virginica 
Endrin.. . . . . . . . . . . . . . 
Endrin.. . . , , .. . ., . .__ 
Endrin.. . . . . . . . . . . . . . 
Endrin.. , , . . . . . . , . . . . 
Endrin.. , , . . . . . . . . . . . 
Endrin.. . . . . . . . . . . . . . 
Endrin.. . . . . . . . . . . , . , 
Endrin.. . . . . . . . . . . . . . 
Endrin.. , . . . . . . . . . . . . 
Endrin.. . . . . . . . . . . . . . 
Endrin.. .. . . . . . . . . . . . 
Endrin ... . . . . . . . , . . . , 

100 prcont 
100 pcrcunt 
Technical98 pmnl 
Technical 98 pemnl 
Technical38 percent 
1M) prcsnl 
lo0 parcenl 
100 prcont 
100 percont 
lW prcent 
Technical 90 p m n t  

Endrin.. . . . . . . . . . . . . . Powdm 15 PGiCQnl 
Endrin.. . , _.  . . . , . , , , , Technical 99 percDnt 
Endnn ... . . . . . . . , . . . . Technical 99 pm~nt 
Endrin ........._..___ TKhnical 
Endrin ...__....._.... T K h n i d  
Endrin.. . . . . . . . . . . . . . Technical 
Endrin ___.....___._._ Technical 
Heptachlm. ... .__,  ._. 99 perant 
Heptachlor ......_.... 100 puten1 
Heplachbr ........_.. 100 percent 
Heptachlm. ...___._._ I W  pmnt 
iiapircni ....____... iwpamnt 
Hspchlot  ...... ._, . . 100 pcmnt 
Heplachlm ......_.... 100 percoat 
Hcptathlor ..._...._.. 100 percenl 
Hcpth lm.  .___...._. 100 parrent 
Heptac hlor... ._ ,  _ _ ,  . . 100 pmnt 
Heplaehbr _____...._. IWpermnt 

Fundulus hetcralilus 
Fundulus hetcrOLlilUs 
Fundulus majalis 
Fundulus similis 
BrarooRia patronus 
Mugil cephalus 
Mugil cephalus 
Menidia mcnidia 
Thafassoma biladatum 
Anguilb rostnta 
Sphaeroides macutatus 
Gasterosteus  cutea at us 

Gasterosteus acuteatus 
Cyprinodon vareigalus 
LdOStOmUt UnlhURl 
C w t s l r l e r  a i m g a b  
Miuomems minimus 
Cymafcgartor agrmgafa 
Miuomehlls minimus 
Pabumon macrodactylus 
Cnnon wptemspnma 
Pab~monetes vulgaris 
Pa;lIlus longcarpus 
tUIIEUIUS nnerantus 
Fundulus he.terw6bs 
Fundulus maialis 
Menidia menidii 
Mucil nphalus 
Anguilb rmtnfa 
Thatassoma bifardrbm 

Thrrespino stieklubach 
Shiner p rch  
Dwart pcrch 
Shiner p rch  
U a i  prch  
Korean rhrlmp 

Sand shrimp 
Grass shrimp 
Hcrmil crab 
AIIIMiWn qrtcr 
Mud snail 

Mummichop: 
Mummichog 
Slr ipd killiflsh 
Allantic ulrerudo 
Striped mullet 
American wI 
Bluehod 

Threespino stichlebatf 

KMmn shrimp 

Northern PUnM 

!hi"?, n$r? 
Dwarf pcrch 
k i l l i n  moUio 

k i l f l n  mollic 

Shiner perch 

Owad perch 

Korean shrimp 
Korean shrimp 
Sand shrimp 
Crass shrimp 
Hermit crab 
Mud snail 

22-4 mm 
45104 
48-104 
................. 
................. 
................. 
................. 
26 mm 
31 mm 
3.5 mm 
Et3 
Adult 

11.5 
1.6 
4.6 
.45 (0.214.94) 
0.26(0.13-0.52) 
16.9(1O.EU.O 
6.9(3.F13.1) 
J 
50 
I 8  
640. 
1.WO 

3J mm 5 
51 mm 5 
40 mm 4 
SJ mm 5 

SJ mm .9 
80 mm 6 
168 mm 34. 
22-44 13.1 

UL!?? !.? 
4blM 5. 
1 1.5 

U mm n 

._ ._ . . .___.___. ._  6. 

................. 1.5(0.13-3.20) 

................. 2.U(1.16-5.11) 

................. 4.1(2.3-9.4) 

26 mm 1.1 
31 mm 1.8 
3.5 12 

12. 

. , . . , . . . . . . . . . . . . . I 2  (0.OM.25) 

Adull I .ow 

American eystar 
Mummichog 
Mummichog 
Striped killiflsh 
Longnow killiflsh 
Menhaden 
Slriped mullet 
Striped mullet 
Atlantic ulrerade 
Bluehead 
American ee l  
Norlhcrn punel 
Threcspins stichlebcb 

Threespine rtichtebcb 
Sheepshead minnow 

Shiner p rch  
Mrt perch 
Shiner perch 
Owart Perch 
Korean shrimp 
Sand shrimp 
Grass shrimp 
Hermit crab 

Mummichop: 
Striped killilish 
ALntic ulrurddo 
Striped mullat 
American eel 
Bluehead 

spot 

MUinmIChop: 

Eig 190 
42 mm 0.6 
51 mm .6 
u) (mm) 0 . 3  
.~ . . . .___. ._ .__._ o.n 
................. 0.8 
..___.._..__..... 2.6 
81 (mm) 0 . 3  
9 (mm) 0.05 
90 (mm) 0.1 
9 (mm) 0.6 
131 (mm) 1.1 
22-44 0.5 

&I1 
................. 

4 1 0 4  
48-104 
48-104 
48-104 

1.5  
0.32 
0.15 
0.8 
0.6 
0.12 (O.OW.2S) 
0.13 (0.OW.n) 
14.5 (8.2-25.9) 
8 
44n 
55 
50 
50.0 
32 
3 
194 
10 
.8  

1C.b 
1c.50 
1c.50 
TLkI 
No. so9 cam depmilod signillcant IESI 

thancontrol ConD'Ol=l413 Elm-IO 
1c.50 
1c-50 
1c-50 
1c-50 
1c.50 
1c.50 
1c.3 
1c.50 
TLhl 

?!.S 
11-50 
Reduced reproduction wntrd-younf born 

5 5 3 7  Elk-young born 

SCDTartirily~ 
increase 
11.5 

11.50 

11-50 
t1.50 
1c.50 
1c-51 
1c-50 
NO. egg area depmited signinan$ lssi 

,I,." I."",.", ,.-*.̂ ,_,.,.( CIA =. 
..-a. 1 1 . 1 " " .  "",,"I-,.,.) L ". ' 

TLM 
1c-50 
1c.50 
1c.50 
1c-50 
1c.50 
1c.50 
1c.50 
1c.3 
1c-50 
1c.50 
1c.50 
TLM 

TLM 
1c.50 
1c-50 
TLM 
TLhl 
TLM 
TLM 
t1-50 
1c.50 
1c.50 
1c.50 
1c-50 
1c.50 
1c.50 
1c.50 
1c-50 
1c-50 
1c.50 
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Continued 

Test Rondure Temp C Sfinit) O/m Other Emironmmbl Criteria Sbiirtiul Enluation W d u e  krels m g / c  Oma Rnmctat RDfacncc 

3 

96 hr static lab bioassay 
24 hr flowing lab bioassay 
24 hr flowing lab bioassay 
96 hr slatit lab bioassay 
96 hr static lab bioassay 
96 hr intermittent flow lab biu 
96 hr intrrminenl flow lab him 
9% hr static lab bioassay 
96 hr Ntic lab bioassay 
96 hr static lab bioassay 
96 hr Nlic lab bioassay 
96 hr Ntir lab bioassay 
86 hr Ntir lab bioassay 
96 hr Ntic lab bioassay 
86 hr tblic lab bioassay 
96 hr slatic lab bioassay 
96 hr Ntic bb bioassay 
96 hr slatic lab bioassay 

S hr Ntic lab bioassay 
96 hr Ntir lab bioassay 
86 hr Ntic lab bioassay 
96 hr inter. flow tab bioauay 
96 hr inter. Oovr lab bioassay 
96 hr I t i t  lab bioassay 
86 hr inter. now lab bioassay 
s6 hr static lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
48 hr Ntic lab bioassay 
86 hreiporurato1.0ppmVlenlU 

day post sipmure in d u n  water 
86 hr &tic lab bioassay 
96 hr Nlir lab hicarsay 
96 hr Ntic lab bioassay 
86 hr Ntic lab bioamy 
96 hr Ptic  lab bioassay 
96 hr rtatic lab bioassay 
86 hr Nlic lab bioassay 
86 hi  Ntic lab bioassay 
96 hr static lab bioassay 

96 hr N t i c  lab biassay 
9% hr static lab bioassay 
14 wh flowing water 

48 hr flowing water lest 

96 hr inter. now lab bioassay 

9% hr inlcr. flow lab bioassay 

96 hr static lab bioassay 
96 hr inter. flow lab bioassay 
96 hr sialic lab bioassay 
96 hr sblic lab bioassay 
96 hr slatic lab bioassay 
96 hr shtic exposure 01 aduns to 

1.0 ppm. 131 day poi1 exposura i n  
clean wale1 

49 hr static lab bioassay 
96 hr stalic lab bi oassay 
96 hr static lab bioassay 
96 hr static hb bioassay 
14 hr llowinl lab bioassay 
24 hr flowing lab bioassay 
24 hr flowing hb bioassay 
96 hr rlalic lab bioassay 
96 h i  slatic h b  bioassay 
96 hr slalic lab bioassay 
96 hr static lab bioassay 
96 hr slatic lab bioassay 
96 hr slatic lab bioassay 

Issay 
Issay 

mf.5 25 
llfl 26 
13fl 28 
14-18 18 
14-18 27 
13-18 12-30 
13-18 11-30 
m 24 
m 24 
m 24 
24*1 ? 
mOf.5 24 

20f.5 24 
20rt.5 24 
2Jrt.5 24 
23f .5 24 
2Of.5 24 
2DLt.5 24 
lOf.5 24 
mrt.5 24 
mf.5 25 

1 3 ~ t l  15 
1 3 1 1  29 
17-YI 25-30 

27Ltl 1 

14-18 28 

14-18 12 

13-18 12-34 
1L18 12-30 
m 24 
it 24 
20 24 
M f . 5  24 

24rt l  .. 
mrt.5 24 
mf.5 24 
M f . 5  24 
25 19 
17 29 
29 21 
2Qf.S  24 
m i . 5  24 
2 k . 5  24 
mf.5 21 
20f .5  24 
M r t . 5  25 

20 25 
2 8 2 9  
17 23 
13Lt1 26 
llfl 19 
14-18 28 
14-18 28 
13-18 12-30 
mLt.5 24 

%k.5 24 
m*.5 24 
20f .5  24 
M f . 5  24 
mf.5 24 
m*.5 24 
20f.5 24 
20f.5 24 

m*.5 24 

... 

Tot NL. as  cot 24-57 ppm 
pH 6.CJ.4 

Turk 12 JTU 
Turb 4 JTU 
TUrb 1-12 ITU  
Turb 1-11 JTU 

pH-8.0 
pH-8.0 

pH-8.0 

pn-8.0 

................................ 

pn=m 
On-8.0 
pn-8.0 
vn=t..o 
pH-8.0 
pH-8.0 
pH=B.O 
pH=l.O 
pH 6.bJ.4 Tot AIL Q C O i  

45-57 ppm 

Turb 6 JTU 

Turb 24 JTU 

Turb 1-12 JTU 
Turb 1-12 JTU 
pn=m 
pn=a.o 
pH=l.O 

....,,........ .. .............. 
pH=8.0 
pn=a.o 

................................ 

................................ 

................................ 
Turb. 1-12 JTU 
pH=l.O 
pH-8.0 
pn=a.o DO J.I-~.E 
pn-8.0 007.1-7.1 
pn-8.0 00 1.1-1.8 

pn=a.o DO 7.1-7.8 
pn-8.0 007.1-7.8 

(cacod 4 ~ 5 7  pDm 

pH=I.O 007.1-7.8 
pHc8.O 00 1.1-1.8 

pH=8.0  007.14.8 

None 

95 prcent wnRdenm intanls 
55 p m n t t o n n d c m  intemb 1 . 0 ( 0 . U 2 . 0 )  ppm . 

................................... .................... ................ 
0.sX.cC.W ppm . . . . . . . . . . . . . . . . 

.................................... _.......__....__.... . 
95 percent wnndem intrrnls ....._.............. ................ 
95 p m n l  wnAdass intemls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Nons ......__............ ................ 
Nons 
None 

.._.._........_..... ........... 

.._...__..._...,.... ................ 
................................... 
No. ol a ases dcpodlcd ri@uantly 

None 
None 
None 
None 
None 
None 
None 
none 
Nons 

dinuent at 0. M1 level 
.................... 
.................... 
.................... 
.................... 
.................... 
.................... 

................ 

................ 

................ 

................ 

None .................... ................ 
None 
None Blood 11.98 

.........._......... ................ 

Bnin 13.3 
6illJ7.6 ppm 

Activily ci:niPun$ cutn at 0.05 . ... ._.. ..... . . ... . . . ... . .. . . . . . . ... 
level 

95 p rmnt  wnndence interval 2.qo.w1E& ................ 

95 percent wnfldence interval 

95 psrcent confldsncs interval ._,..............,.. ......,,........ 
95 prcent confidence interval .................... ................ 

0.M3OJ) ppm 
1.26(O.W86- 

0.W11) 
. . . . . . . . . . . . . . . . 

None .................... .......,........ 
None 
None .................... ................ 
No. 01 egg raws deposited dgnifluntly . .. . .. . .. . . .. . .. . . .. . . . .. . ._.  . . . . . .. 

........... ........ ......,..,...... 

dinerent atO.001 bvel 

None 
None 
None 
Nons 
30°C 

None 
None 
None 
Nons 
None 
None 
None 
None 

None 
None 
None 
95 percent mfldcnce intervals 
95 prcent wnfldrnce intnnls 
95 percenl wnfldenw inlmal 
95 prcent wnfldence intemls 
95 percent wnfldence intcmls 
Nons 
Nons 
None 
None 
None 
None 
None 
None 
None 
None 

.......... ......... 

.................... 

......,............ 

.................... 

........... .... 

................ 

................ 

............... 

................ 

.........,...... 

.......,........ 

.................... 

.................... 

...._....,.......... 

................. 
O.ll(0.02-0.27) 
0.11(0.oM1.15) 

... 

............... 

............... 

................ 

......_......... 

............... 

............... 

....._......,.. 

........,...... 

............... 

........,...... 

............... 

......_........ 

............... 

............... 

............... 

............... 

........,...... 

b h  1SP 
EamHl and L n r i b  (on$nblishadp 
EarnGSt and Benrilla (unpblishcdp' 
Earnest and Bmville (owub!hhcd)ru 

Earnest (unpublishtdp 
Earned (unpublishedp 
Eider 1969-?' 
Eider 1969"' 
Eider 1969':' 
Oaris and Hidu 1 9 6 w  
Eider 197Wu 

Eider 19JOW 
Eisler 19J0ba?v 
Eisler 1970b~i* 
Eirler I97Dbl?a 
Eider 1970b'?s 
Eisler 191Db':Q 
Gsler 197Db32' 
Eider 19J0b1~* 
K1111961" 

Earnest and Benrille (unpublishcdYu 
Earnest and Benrillc " 

b n s  and Livingston 197Ous 

b n e  and Scura 19JO"r 

Earnest and Bcnrille (unpublishsdpu 

Earnest and Benrille " 

Earnssl (UnpublishsdYu 
Earnest " 

Eidrr 19693': 
Eislcr 1969'3: 
Eisler 1969"' 
Eisler 19JOcu" 

Davis and Hidu 19698:' 
Eisler 19JDa::s 
Eisler 197Db'~~ 
Eisler 19JObl?9 
Lmye t96SaZ6 
Lows 19653'S 
Lmrc 196W 
Eisltr 19JOb8?9 
Eisler 19JOb"Q 
Eisler 19JOb':o 
Eislcr 19JOb':B 
Eider 19JOb22Q 
Kat1 1961"a 

KaU and Chrdwick 1 9 6 P  
Lowr 196W 
Lows 196s-8 
Earnest and Btnvilte (unpublirhedP 
brnest and Benville " 

Earnest and Bcnville " 

Earnest and Benville " 

Earnest (unpublishedY+' 
Eider 19E.P' 
Eisler 1969": 
Eisler 1969':' 
Eirhr 19JOal*g 
Eisler 19JOW 
Eisler 19JOb3:9 
Eider 19JObS:Q 
Eisler 19JObn9 
Eider 19JOb'29 
Eiskr 1970b':Q 



488/ilppendix III-Marine Aquatic Life and Wildlife 

TABLE 6- 

Organism Tort06 Substarno Tatad Formubtion Common Name Ufo Stago a Silo Conr (ppb act ingrd.) Methods 01 Assasmonl 
(mm) i n  water 

Hoptathlm ........... 100 pmatt Sphaeroidn macubbs 
Heptachlor. .......... 12 porwnt Gaslerosteus aculeatus 

Northorn punm 164 188 
Threespino sticklobact 22-44 111.9 

5.000 
........................................... 5.000 
........................................... 9 . m  
........................................... 5.m 

........................................... 

.... 

LC.50 
TLM 

Ratio 0.0. Control 
0.15 0.0. orpVO.0. control 
0.n 0.0. orp/o.o. MIbOl 
0.60 0.0. erplO.0. wnbol 
0.30 0.0. orpt/O.D. wnbol 
1.00 0.0. erpt/O.D. wnbol 
11.50 
11.50 
LC-50 
LC.50 
LC-50 
Roduwd deposition 01 ogg asos lrom 1473 

Ratio 0.0. apr 

by control to 149 b~ ErpL 

Lindano .............. 
Undano.. ............ 
Undt no... ........... 
Lindano.. ............ 
Lindano.. ............ 
Lindano .............. 
Undano .............. 
Linda no... ........... 
Lindano., ............ 
Lindano.. ............ 
Undano.. ............ 

.......................... Rotaacussp 

.......................... Chlorolbsp 

.......................... DUMflella euthlon 

.......................... Phaeodaclllum tricornulum 

.......................... Monochrlsis lutheri 
100 percent Pabomon macrodadylus 
100 prwnt Palaemon rnacrodadytus 
100 percent Crangon roplemrpinom 
100 prcont Pahemonotos vulgaris 
100 perconl Pagurus longiarpus 
IWI percent Naira obsoleta 

.................. 5.000 
................. 12.5(1.1-32.7) 
................. 9.2(5.&15.0) 
26 5 
31 IO. 
1.5 5. 
15 two0 

Kormn shrimp 
Korean shrimp 
Sand shrimp 
Grass shrimp 
Hermit tnb 
Mud snail 

Lindano ........................................ Crauostrea Virginia 
Lindano ........................................ Mercenaria memenaria 
Lindano ........................................ Marmuria meranaria 

Eastorn oyster 
Hard clam 
Hard clam 
Mummirhq 
Mummichq 
Strips6 hilliflsh 
Atlantic silverlido 
Striped mullel 
American eel 
Bluehoad 
Northern pullor 
Threespine sticklehack 
Korean shrimp 
Koroan shrimp 
Sand shrimp 
Grass shrimp 
Hcrmittrab 
Mummichog 
Mummichog 
Striped killifish 
Atlantic silverside 
Sbiped mullat 
Amerian eo1 
Bluahead 
Northern pumr 
Threespine stickleback 

Eu 91w 
Et8 >1oooo 
Llrvao >loo00 
42 20 
55 bo 
49 28 
n 9 
85 66 
56 56 
90 14 
I68 35 
22-44 50 
................. .44 (0.21-0.93) 
................. 6.1(4.31-tO.l) 
26 1. 
31 12. 
3.5 1. 
42 35 
55 35 
40 30 
5 1  33 
too 63 
56 12. 
86 13. 
203 150. 
22-44 69. I 

TLM 
TLM 
TLM 
LC-50 
LC.50 
LC.50 
LC-50 
LC.50 
LC-50 
LC.50 
LC.50 
TLM 
11-50 
11.50 
LC.50 
LC.50 
LC.50 
LC-50 
LC.50 
LC.50 
LC.50 
LC.50 
L C - 8  
LC-50 
LC.50 
TLM 

Fundulus holeroclitus 
Fundulus hateroditus 
Fundulus maiatis 
Meniau menidia 
Mugil cophalus 
Anguilla rostnta 
Thalorroma bifasciatum 
Sphacroidos mculalus 
Gaslerosteus aculeatus 
Palaemon mauodaclylus 
Pataamon nucrodaclylus 
Crangon roptamspinom 
Pabomonetu vulgaris 
Pagurus longiarpus 
Fundulus hsteroclitus 
Fundulus heleralitus 
Fundulus maiatis 
Menidu monidia 

Anguilla rortnta 
Thalassoma bilasciatum 
Sphaeroides mcubtus 
Garterosteu: atuleatus 

Mugil COQhalUS 

Lindano .............. lW pemnt 
Lindrno .............. 1W percent 
Lindano .............. 100 prwnt 

Lindano .............. 100 pemnt 
Lindano .............. 100 percent 
Lindano .............. 100 percent 
Methoxychlor. ........ 89.5 percoflt 
Molhorychlor.. ....... 89.5 percent 
Molhoxychlm ......... 100 pWnt 
Molhoxychlm ......... 100 percan1 
Methoxychlor ......... 100 ported 
Mothoqchl or... ...... 100 pomnt 
Mathoqchl or... ...... 100 pWCml 
Melhoxychlor. ....... 100 PerWllt 
Msthoxychlor ......... 1W percent 

Mirex ................ TKhniUl ................. 0.9 16.03 pemnt deuearo in population am .... 

 MI:^ .............. Bail (.I pMDn1 mirex) Penaeus aduus Brown shrimp 24 Ono partido 01 mirex 

25 Ono prtido 01 mirox 

55 1.0 
55 0.1 
m On0 prtido al mirex 

bait/shrimp 

bil/shrimQ 

44 percent paralyslr or death in 4 days 

Mirsx. ............... Bait ( .I  psttent mirex) Rlaemoneln pugio Grass shrimp 63 psrtenl pnlysii/or deatb in 4 dap 

IO0 pmnt prtlysis/or dmth in 11 days 
16 pnrcenl panlysis/or death in 35 dap 
I1 percent pnlysis/m deatb in 14 dap 

Mirox ................ Tochni& 
Mirex.., ............. Technical 
Mirox. ............... Bail(O.3 pMDnt mirex) 

PsMeUS dUOnNm 
Ponaeus duonrum 
UCA pugihtor 

Pink Shrimp 
Pink shrimp 
Fiddler crib 

bait pr crab 
n 
m n  5.6X101 TLM 

................. s . I ( ~ . ~ I ~ . o  iL.50 

................. 2.5(1.W.O) 11.50 

................. 40 .n 0.0. orpt/o.o. wnbd 

................. 40 .10 0.0. OXpI/O.O. control 

................. 10 .54 0.0. clpt/o.o. MIbOl 

1 particlo of bait/crab 84 percent paralyss/deatb in 20 dap 

(4.0-1. # ) X I @  

................. 70 9 O.D.OIQl/O.D. Wnbd 

Bho crab 
81ue uab 

Mirex ................ Bail (0 .3 percard) mimi 
Mirex ......................................... 

Callinnclss upidus 
Caltinncln upidus 

Rbemon macrDdidyhls 
Rlarmon m u o d r d y h  
pTotaoaus sp 
Chlorella sp 

Phaoodadytum biumulum 
Monocluylis tuthefi 
Rbernon macrodadylos 

Memmria mercemria 

DUNlitlla O U h W  

k!!:=!:: =f?-s 

Korean shrimp 
Korean shrimp 
...................... 
...................... 
...................... 
...................... 

TOE ................. 99pmnt 
TOE ................. 99)emnt 
Torapheno.. ......... Polychloro die).CGC Terpslb3S 

m l h  c h h n l d  campheno 
60 pmnt emuhim con. 
cenlnto 

.... 

.... 

.... 

.... 
......................... ................. 10 
Korean shrimp ................. 20.3(8.6-4l.9) ...... -. ianii 310 (lacmo) & . o w  U." 

Hard clam Ellr 1120 
Hard cbm L u n O  m 

.00 0.0. erpl/O.D.cMtml 
11.50 
TLM 

TLM 
T i m  

Torapheno ........... 100 pMent 
I!!?:!?!?!. .................................... 
Toxapheno.. ......... F'olychlom bi@C TerpanOS 

Toxaphene.. ......... 1WI mnt Gartarosteus lculeatur 

wilh chlocinalod camphone Memrnaria merCOmri8 
Rodominalmy 

61-69 p m n t  CL 
Thiodanm ............ 96percsnt Rlaemon macrodadylns 
Thiodanm ............ 96percsnt Pabomon m a m d a ~ l u s  

TLM 

Korean sfnimp ................. 11.I(B.bfs.O 
Korean shrimp ................. 3.4( l .E6.5)  

11-50 
11.50 



Appendix III-Table 6/489 

Continued 

Tesl Procedure Temp C LGnity o/m Other Enrironmenlal Critnii Sbl ist ia l  Evaluation Rao.due bnls m;/U Other RRmefers Reference 

96 hr sblic lab bioassay 2 Q . 5  24 
96 hr slatic lab bioassay m f . 5  2s 

pH=a.O 001.1-1.8 None 
pH 6.8-1.4 Total Alkalinib None 

.................................... Eirlcr1910bn~ 

.................................... Kah 196W 

Test organisms grown in tell media 
containinp pesticides lor len days 
Absorbancs measured 11 530 mp 

2 0 f . 5  
m f . 5  
mf .5  
mf .5  
mf .5  

m f . 5  

96 hr slatic lab bioassay 
96 hr flowinp lab bioassay 

I318 
1318 

86 hr slatic lab bioassay 
96 hr Ntic lab bioassay 20f.5 
86 hr rtrk b b  biMIPy 2 0 5 . 5  
96 hr static b b  bioassay. huts toxicity m f . 5  

srperimenl lollowtd by 133.day post 
exposure in clean water. 

48 hr static lab bioassay 
48 hr slatic lab bioassay 
12 day sbtic lab bioassay 

96 hr slalic lab bioassay 
96 hr slatic lab bioassay 
96 hr slatic lab bioassay 
96 hr sblic lab bioassay 

96 hr slatic lab bioassay 

96 hr Italic lab bioassay 
96 hr Nlic l i b  bioassay 
96 hr inlcrmi1lcnl.llow lab bioassay 
96 hr slatic lab bioassay 
96 hr Ptic  lab bioassay 
96 hr Ntic lab bioassay 
96 hr N t i c  tab biMSSY 
86 hr Ntic Iab bioassay 
96 hr static lab bioassay 
96 hr Ntic lab bioassay 

96 hr slalic lab bioassay 
96 hr Ntic lab bioassay 
96 hr Ntic lab bioassay 
96 hr Slat iC lab bioassay 

2 1 1 1  
24fl 
2 4 f l  

2 0 f . 5  
?Of. 5 
2 0 f . 5  
2Of. 5 

20f.5 

20f .5  
1318 
13-18 

20*.5 

20 

96 hr slatic lab bioassay mf.5 

96 hr slatit lab bioassay 

96 hr static lab bioassay 

m f . 5  

m f . 5  

m f . 5  

m f . 5  

mf .5  
mrt.5 
mf .5  

m f . 5  
m f . 5  
mf .5  
m f . 5  

86 hr sbtic lab bioassay 2 0 f . 5  

22-28 
22-28 
22-28 
22-28 
22-28 
12-30 
12-30 
24 
24 
24 
24 

500 ll.t-continuously Nons .................................... Ukalsr 1962"' 
Uksks1962~7 

.................................... UhsIss t962"' 
Ukslas 1862"' 
Ukslss 1962"' 

................................ .... Hone 

Nons 
Nons 

................ 

................................ .................................... 

................................ .................................... 
Turb 1-12 JTU 95 perwnl ronlidencr in l tm ls  .................................... Earned (unpublishcdp 
................................ 85 perwnl conndcnw inlsmls ...................................... hrnasl(unpublishsd)r~ 

None 
None .................. Eisler 1969':7 

pH-8.0 0.0.1.1-1.1 nons .................................... Eislsr 19691::' 
pH=B.O No.ol~psdrporitrdrigniflun$lsssII .................................... Eislcl 191Wo 

0.001 lare1 x7>10.8 Chiquare 
iru1ySis 

Nons 
Nons 
Nons 
Nons 
Nons 
Nons 
Nons 
Nons 
Nons 
Nons 
Nons 
Nons 
95 percent wnndencs inlcrvalr 
95 percent confldsnw inlsrvilr 

........... Oaris and Hidu 19681' 
........................ Davis and Hidu 1969.U 

.................................... Davis and Hidu 1969'U 

.................................... Eislsr 191Oil:n 

.................................... Eisler 1910b11s 

.................................... Eisler 1910b':' 

..................... ...... Eisler l91Ob':9 
. . Eislsr 191DbalB 

.................................... Eislsr 1910b'2e 

.................................... Eislsr 1910b'20 

.................................... Eisler 1910b':' 

.................................... K a h 1 9 6 P  

.................................... Earnssl (unpublishsd)ssr 
....... Earnest " 

.................................... Eisler 1969z' 

.................................... Eislsr 19681' 

.................................... Eisler 1 9 1 w n  

.................... ........ Eislet 1910b1'' 
. . , ._ ._.  Eisler 1910b"9 

......................... Eisler 1910b'2' 
.................................... Eisler 1910b'?e 
.................................... Eislsr 1910b**' 
.................................... Eislcr 1910bs:e 
.................................... loll 1961's 

.... . . . . . . . .  

... 

... 

... 

... 

24 
24 
24 
24 
24 
24 
24 
24 
21 
12-30 
12-30 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
25 

pH-8.0  0.0.1.1-1.1 
p H - 8 . 0  0.0.1.1-1.1 
pH=8.OD.O.1.1-1.1 
pH-8.0 0.0.1.1-1.1 
pH-8.0  0.0.1.1-1.1 
p H z 8 . 0  0.0.1.1-1.1 
pH-8.0 0.0.7.1-1.1 
pH-8.0 0.0.1.1-1.1 
pH-8.0  0.0.1.1-1.1 
Turb. 1-12 JTU 
Turb. 1-12 JTU I' 

R 
e 
s 
P 
'E 
I 

k 
I 
I 

i 

pH-8.0  001.1-1.7 
pH-8.O DO 1.1-1.1 
pH-8.0 00 1.1-1.1 
pH-8.0 00 1.1-1.1 
pH-8.0 001.1-1.1 
pH-8.0 00 1.1-1.1 
pH-8.0  DO 1.1-1.1 
pH-8.0 001.1-1.1 
pH-8.0 DO 1.1-1.1 
pH-8.0 DO 1.1-1.1 
pH-a.0 001.1-1.1 
pH-6.bl . l  Total alkalinity 

Culluras grown in Telnhymcnt 
(CICOI) 45-51 

nons 
Nons 
Nons 
Nons 
Nons 
None 
Nons 
Nons 
Nons 
nons 
Nons 
Nons 

Measur1 96 hr growfh lest 26 0 Ihs 18. .................................... Coolsy st a1 (unpubli 
z!!: e! !:* i!! :hi:!! ! *:!!!!!a!!! Bi!. 
lsrsncs existed (P<0.05) 

L.... YlYLl l  

....................................................................................................... Lowe G I  a t  1 9 1 1 e ~ ~  

a f f ~ l  i: i n  arcrage 

Stalk bioassay 22 21 

Slatic bioassay 25 33 

Flowing water bioassay 11 rJo/m 

Flowing water bioassay rJ 21 Qfm 
Flowing witsr bioassay 14 29 ' / O Q  

96 hr flowing n l s r  bioassay r ~ n  
06 hr Nlic bb bioassay 21 19.3 

................ Lms IIII. 19111"Q ................................................................... 1.1 

Nons 
Nons 
Nons 

....................................................... 

................................... 0.26ppm 

................................... O.30ppm 

................ Lowe s l i l .  1911a1*0 

................ Lme e l  aI.1911a"Q 

................ ws et 11. 1911r'o 

........................................ 0.3 ................ Low8 el  eI.1Sllauo 
................................ 95 prmnl confldsnce inlarval .................................... Mihwd 8111. 191W 

86 hr static lab bloasuy 
96 hr flowing water lab bioassay 
Ted munisms grown in test medii 

tm I O  days rbrorbrma measured a! 
530 m/ 

................................... 

................................... 
96 hr stalk lab bioassay 
96hr NBC lab biMSuy 
48 hr static lab bioassay 
12 day &tic lab bioassay 

1318 
1318 
m f . 5  
mf.5 
mf.5 
mf.5 
m f . 5  
1)-18 
21 
24fl 
24*1 

12-30 
12-30 
22-28 
22-28 
22-26 
22-28 
22-28 
12-30 
1.6 
...... 
...... 

brnasl (unpublishsdp 
Earnest " 

Ukslss 1962a7 

Earnest (unpublishedp 
Mahood at el. 197W 
Oaris and Hidu 1969'21 

Oarisand Hidu 1969'2' 

Tub. 1-12 JTU 85 percent wnfldsnw inleml 
Turb. 1-12 JTU .......................... 

........................... Nons 
................................................................... 
................................................................... 
................................................................... 
................................................................... 
Turbidil) 1-12 JTU 95 p r m n l  wnfldsma in lsml  
................................ 95 percent confldsnm intern1 
.................. ..................................... 
.................. ..................................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

................ 

................ 

................ 

................ 

................ 

................ 

... 
.... 

88 hr static lab bioassay m*.5 2s 

96 hr N l i c  lab bioassay 1318 12-30 
96 hr llowing n l s r  Iab biwmy 1318 12-30 

....................................................................................................... l o l l 1 9 6 1 ~  

TUrb 1-12 ITU 95 percenl wnlldsma lnterrrl .................................... brnsrl (unpublishsd)'" 
Turb 1-12 JTU 85 ptrcenl wnndcnce interval .................................... Earnasl " 
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TABLE 6- 

Subslanw Tsrted Formulation Orpnism TMIKI Common Namo Lib Stago or Sim Conr (Wb a t 1  ingred.) Mathods 01 AItenment 
(mm) i n  watu 

lntPrtindM Organophmphatn 
....... DumIielb ouchlora 

Abalo ..................... ........... Oumliella euchlon 

 bale... ....................................... Sheletonema cwlatum 
Abato .......................................... Cyclololb mna 
Abato.,, ....................................... Pabomon mxTodactylus 
h i s . .  ........................................ Rbomon mauodacty~us 
bytor ......................................... Oumliolb euchlna 
bytor.. ....................................... OunaUelb euchlon 
Baflox.. ....................................... DUNlieIb eUCh!nra 
Baytcs., ....................................... Phaoodaclylum tncmulum 
Bayter.. ....................................... Phaeodrctytum lricmnutum 
Baytex.. .................. ....... Phaeodaclylum tricanulum 

............................. Skeletonema onlaturn 
....................... Skolotonema corttum 
....................... CYdOl8lb MM 

Baytor.. ....................................... Cyclotelb tuna 
Baytor. ........................................ Palaemon macrodactylus 
Baytax.. ....................................... Palaemon macrodactylus 
t,u.nab. ...................................... ihuusi~w viitiuib 
CO.RAL., . .:. ................................. Crasso%lrea rirginica 
CO RAL ...................... 
CO.RAL. ..................... 
CO.RAL. ..................... 

OOVP.. ....................................... Cranron replemspinou 
ODVP ......................................... Palternonets vulgaris 
OOVP., ....................................... Pagurus lonricarpus 
DOVP.. ....................................... Fundulus hsteralitus 
DDVP.. ....................................... Fundulus hoteralitus 
DOVP.. ....................................... Fundulus majalit 
DOVP.. ....................................... Menidia menidia 
DOVP.. ....................................... Mugil cephalus 
OOVP.. ....................................... Anguilb rostnla 
DOVP.. ....................................... Thabrsoma bilaniatum 

Cnngon regiemspinosa ueinav .............. i w p m n i  
Palaemonelet vulgaris 
Pagurus IonIiurpus 

Oiuplhon. ........... .......... Mcrcemria marcemria 

_ _  _.. 

DDVP.. ....................................... Sphaerdd81 maCUbtUs - .  

Oioulhinn.. ......... 100 percent Fundulus hoteralitus 
Oioxathion.. ......... 100 percent Fundulus heteroclitus 

Dioulhion.. ......... I00 perwnl Menidia menidia 
Diouthicn.. ......... 1W percent Mugil Cephalus 
Oiorathion.. ......... 100 perwnt Anguilla rostrala 
Oiouthion.. ......... 100 p r w n l  Thalasroma bilrniatum 
Diorathim.. ......... 100 r m n l  Sphacroides macubtus 

Dipterex.. ........... Soluble powder Phaondactytum trimuam 
Oipterex. ............ Solublo pwdu Ptueodaclilum tfiurrnutum 
Oiptnex.. ........... Solubln powder PrctocoLtur e 

Dioilvlion.. ......... 100 percent Fundulus majalis 

OiptWeX.. ........... 50 pemnl rPlubte m d o  DUNfielb suchlofa 

Chlotelb rp. 
Chlorella rp 
Monahqsis luvleri 

Oiplerex.. ........... C n u m t r u  rirginica 
Oi-systnn.. .......... CntMtrea virrinica 
Di-syston.. .................................... Crauostrea drginica 
0i.Syston.. .................................... Memmria mmmrii 
D i m t o n  ...................................... Memnaria mmnaria 
Oursban ............. Technical Cymatogaster atgngata 
Oursban ............. Technical C~malpnr tn  a!nmta 
Ounbrn.. ..................................... Rbemon maaadaclyhts 
Oursban.. ..................................... Palaomm maucdactylus 
Guthion ........................................ Cnumtrea rifginica 
Guthion ........................................ MuKNM mncenaria 
Gu udos... ..................................... Muwmria maomria 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 
Korean shrimp 
K M m  shrimp 
.......................... 
.......................... 

.......................... 

.......................... 

.......................... 
Korean Shrimp 
Korean shrimp 
i r s i n n  upin 
Eastern qrtu 
Hard clam 
Hard clam 
Threespine stictileluch 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. IO 

................. IMW 

................. 100 

................. 5.3(3.1&8.92) 

................. 3.0(1.%.0) 
La1 I IU 

larvas >too0 
Eu 9120 
IJme 5210 
22-44 1470 

..- 

Sand shrimp 26 4 
Grass shrimp 31 I5 
Hermil crab 1.5 45 
Mummichog 42 3700 
Mummichog 55 2680 

40 2300 Striped kililllsh 
Atlantic silverside 50 1250 

Ameriun eel 59 1800 
Bluehead 80 1440 

Striped mullat u mo 

Northern puns 168 2250 
Sand snrimp 1 38 
Grass shrimp 31 ?as 
Hermit crab 3.5 82 
Hard clam E W  3340 
Hard clam bins 5740 
Mummichog 42 6 
Mummichog 56 m 
Striped killiflsh 114 15 
Atlantic silverddo 50 6 
Striped mullet 8s 39 
American eel 59 6 
Bluehead a 3s 
Northern punu 168 75 
........................................... 50.O00 
........................................... 50.m 
........................................... 100,owI 
........................................... 100,Wo 
........................................... 50,ow 
........................................... soom 
........................................... 50,000 
Ammun qrto lam0 1.W 
American qstM Em 5860 
American q s t ~  larno 3670 
Hard clam E W  51280 
Hard dam lame 1390 
Shinn parch 55 3.5 
skim ?eldl 55 1.1 
K M m  shrimp ............ 0.25(0.1W.W) 
KMPn shrimp . _ _  ._ .  , , ._ ._ 0.01 (O.GQ2-O.M6) 
Ameriun oirter Ens 6m 
Hard clam E n s  860 
Hard dam -0 

36 parcent redvcbon i n  01 evolution 
23 m n l  reduction i n  01 evolution 
I8 pemnl todltrtim in Or oroluUoa 
28 perwnl reduction in 0% evolution 
51 pmcnt reduction in 01 ovolution 
23 pmnt redtidim i n  Or ovolutim 
80 parcent reduction i n  01 nvolution 

11.50 
27 pemnl reduction in 0, evolution 
ZJ pmnl reduction in 01 evoluUon 
16 percent reduction in Or evolution 
29 pmnI reduction in Or evolution 
29 percent reduction i n  Or evolution 
IS p m n l  reduction in Or evolution 
19 prcenl reduction in Or erolulion 
51 pemnt reduction in Or ovolutim 
26 perant r~urtim i n  01 evolution 
50 percent reduction in Or evolution 
48 pcrwnt reduction in Or evolutim 
11.50 
TL.50 

TLM 
TLM 
TLM 
TLM 

LC.50 

1L.m 

_. .. 
I Lrn 

Lc.m 
Lc-so 

Lc.m 
Lc-so 

LC.50 
LC.50 

LC-50 
LC-50 
LC.50 
LC.50 
LC.50 
LC.50 
LC-50 
TLM 
TLM 
LC.50 
LC-50 
LC-50 
LC.50 
LC.50 
LC-50 
LC.50 
LC-50 
.54(O.D. expllO.0. o n l )  
.8S (0.O.expVO.D. wnt) 
.I9 (0 D expI/O 0. o n l )  
.54 (0.0. erpll0.D. wnl) 
.70 (0.0. expt/O.D. wnl) 
.00 (0.0. sxpt1O.D. wnL) 
.55 (O.D. expt/O.D. conl) 
TLM 

TLM 
TLM 
TLM 
TLM 
TLM 
11-50 

TLM 
TLM 

T i m  

n-50 

T i m  
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Continued 

i 

Test Rasdure Tamp C Salinitl o/w Olhw Enrironmntal Crilwu Slatistical Evaluation Residue knls m i / h  Dlhu Parameters Relerrno 

01 evolution measured by Winkkr 
Lithl-and-Dark Bottle Technique 
1 L of mnura incubaled m hrs in 
prticide s o h  lhen placed in lest 
bottler 

96 hr &tic lab bioassay 
96 hr interminen1 now lab bioassay 
01 arolution measured by Winkkr 

U;ht-and-Dark BolUe Technique 
................................ 
................................ .. 
1 Lo1 cullure incubated M hrs in perti- 

cide soh. then placed in test boffler 

.... 

56 hr static lab bioassay 
86 h i  inlcrmillent now lab bioassay 
46 hr static lab bioassay 
I4 day static bb bioassay 
46 hr static lab bioassay 
12 day static lab bioassay 
86 hr static lab bioassay 

96 hr slatic lab bioassay 
96 hr slatic lab bioassay 
96 h~ shlic lab bioassay 
96 hr static lab bioassay 
86 hr static lab bioassay 
86 hr static lab bioassay 
86 hr static lab bioassay 
96 hr static lab bioassay 
96 hr static tab bioassay 
96 hr statir lab bioassay 
86 hr static lab bioassay 
96 hr static lab bioassay 
86 hr static lab bioassay 
96 hr static lab bioassay 
48 hr static lab bioassay 
12 day static lab bioassay 

96 hr slalic lab bioassay 
96 hr static lab biassay 
96 hr static lab bioassay 
96 hr slatis lab bioassay 
96 hr Ntic lab bioassay 
86 hr Ntic lab bioassay 
96 hr static lab bioassay 
Orpnisms frown in 1st media con. 

h! rt.5: !?h !Iitzr:y 

taininl pesticidelor IO daysoptical 
dendty mrasund a1 530 m p  

46 hr static lab bioassay 
46 h i  Ntic lab bioassay 
I4  day static lab bioassay 
46 hr Ntic lab bioassay 
12 day Ntic lab bioassay 
96 hr static lab biassay 
96 hr flowin; water lab bio. 
96 hr Ntic lab bioassay 
86 hr. intcfmillenl flow lab bioassy 
46 hr slatic lab bioassay 
46 hr Ntic lab bioassay 
12 day &tic lab bioassay 

........ ....... 

13-18 12-3 
13-18 11-30 
........ ....... 
........ ,...... 

. . . . . . . . . . . . . . 

........ ....... 

........ ...... 

........ ,..... 

........ ...... 

....,... ..,... 

. . . . . . . . . . . . . . 

........ ...... 
13-11 12-30 
13-18 12-30 
24*1 22-28 
14fl 11-28 
24fI 22-28 
24f l  22-28 
20f.5 25 

2 0 2 . 5  24 
20*.5 24 
20f.5 24 
20 24 
20f .5  24 

20f .5 24 
M f . 5  24 
20f.5 24 
m f . 5  14 
M f . 5  24 
20f.5 24 
20*.5 24 
M f . 5  24 
24fl .  22-28 
24fl .  22-28 
n 21 

m f . 5  14 
M f . 5  24 
20f .5 14 
20f .5 I4 
20f .5 24 
8 * . 5  24 

m f . 5  21 

m f . 5  24 

m s f t  n-18 
n.5*1 n-28 

m r t i  n-a 
m s f i  n-28 
m s f i  22-28 
_ .  _..... n-2s 

20.5fl 21-28 

2 4 f l .  
24*l. 
24f l .  
l&I. ... .. . 
24fl .  .. . . . . 
20.5fl. 25 

13-18 12-30 
13-18 12-30 
24fl. . . . . . . 
24* I .  
24fl .  

.. . . . . 

. . . . . . 

.. . . . . 

m . 5 ~ 1 .  2s 

. . . . . . 

.. . . . . 

.... 

.... 
,... 
.... 
.... 

.... 

.... 

.... 

150 K.c In 4 h r r  AII ptmnt  1=6.1  
dgnificanl t=4.1 
at0.05 k 3 . 8  
kvel 1=2.5 

1=4.8 
1 E 2 . 2  
1=6.6 

Turb. 1-12 JTU 95 pmntwnf ldenw intervals 
. . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 percent confidence intrrnls 
ISD tLs IDT 4 hrs A11 ptrcenl t = 5 . 4  
................................ dlnifianl 1 ~ 6 . 7  
................................... 110.05 l=2.6 
................................ level 1=2.5 
................................ k Z . 5  
................................ t=3.5 
................................ k 2 . 3  
................................. 1 ~ 5 . 9  
................................. 1=3.2 
................................ 1=3.8  
................................. 1-2 .1  
Turb. 1-12 JTU 
TUrb. 1-12 JTU 
................................ None 
..................... ......_.... Noni 

95 prcenl wnlldence intervals 
95 percent wnfldence intervals 

................................ 
pH 6.b7.4totalalkalinity 

4 5 5 1  ppm 
pH 8.0 00 7.1-7.1 

pH 8.0 DO 7.1-1.7 
pH 8.0 DO 1.1-1.7 

pH 8.0 DO 7.C-7.7 
pH 8.0 DO 7.1-1.7 

pH 11.0 00 7.1-1.7 

p H 8 . 8 D O 7 . 1 - 7 . 7  
pH 8.0 DO 7.1-7.1 
pH8.0 DD1.1-1 .1  
pH 8.0 DO 7.1-7.1 
p H 8 . 0 D 0 1 . 1 - 1 . 1  
pH 3.0 00 7.1-1.7 

pH 8.0 DO 7.1-7 .1  

pH 8 . 0  D 0 1 . 1 - 7 . 7  

?II n.0 nn i bi i 
pH 8.0 
pH8 0 
pH 8.0 
pH 8.0 
pH 8.0 
pH8 0 
pH 8.0 

................................ 

.................................... 

................................. 

................................ 

................................ 
..... 

.............. 
Turb. 1-12 JTU 
TUrb. 1-11 JTU 

..... 

None 
None 
None 

None 
None 
None 
None 
None 
Nons 
None 
Nons 
None 
None 
None 
None 
None 
None 
None 
None 
Nons 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
Nons 
95 percent wnndenn inltrval 
95 p m n l  confldencd interval 
None 
None 
None 

. . . . . . . . . . . . . . . . . . . . . , , , . . . . . . . . . . . . Derby and Ruhr l 9 l t = s  

.................... ................ 

.................... ................ 

.................... ................ 

............ ....... 
.................... ............... 
, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Earner1 (unpublishcdp 
. . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . brnert  (unvublishedFQ 
. . . . . .. . .. . . . . . . . .. , _ _ .  . . _.  ... . ... . . Derby and Ruber 1911::' 
.................... ................ 
.................... ................ 
.................... ................ 
.................... ................ 
.................... ........ . ..... 

.................... 

.................... 
,......,.... ....,.. 
....... ............ 
.................... 
.................... 
.................... 

. . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . 

.,......... .... 
................ 
........... ... 

brnest (unpublished)')' 

Davis and Hidu 1969':' 

Kalz 1961" 

.. . . .. .. , . . . .. . . .. . . , _.. . . . .. .. . . . .. Eisler 1969':' 

. . . . . . . , .. . . , . . . . . . . . . ,. , . .. . . . , , . .. Eislcr 1969':: 

. . . . . . . .. . . .. . . . , . . . . . . . . .. . . . .. . . . . Eiskr 1 9 6 W  
.. ._ .. . . .. . , , . , . ._ ._.  . . .. . .. . Eislcr 197Qa5:9 

.. _.  .. _.. . . ., . , . . . , . . . .. . , ._.  . . ._,  .. Eisler 1910bS?' 

. . . .. . . .. . . .. . . .. . , , . . . ._. .. , . .. . . .. Eiskr t910bs?9 

. . . .. . . .. . . .. . . . . . , . . ,. .. .. . . . .. . . . . Eisler 1970bx:9 

.................... .....,. .......,. Eisler 1 9 7 0 b s ~ ~  

........... . . .  . ... .. .,... .... ....... Eisler 1910bX?9 

.................... ................ Eisler 1910bv:9 

. . . .. . . .. . . .. . . ,. . . . . .. , . , . . . . .. . .. . Eisler 1970by:9 

. . . .. . . .. ._.  .. . _.  .. . , . .__ .. . . . .. . .. . Eisler 1969'?' 

. . . ._ .. .. . . .. . . . .. . . . . . . , . ._.  , . .. . .. Eiskr 1969"' 

. . . . .. . ,. . . .. . . . .. . . . . ,. . . .. , . . . . . . . Eiskr 1959'?' 

. . . .. . . . . , . . . . . , . , . . , . . , . . . . , . . . . . , . Davis and Hidu 1969':' 

. , . . . . . . . . . , , . . . , , . . , . , . . . . . . . . . . . . Davis and Hidu 1969':' 

.................... ...... Eiskr 1910a'::' 

. . . . .. . .. . . .. . . . .. . . . , ., . . .. . . . .. . .. Eislei 1910b'zq 

.....,....._..._.... . . ._.. . . ._.._.._ Eisler 1910bs?9 . 

. . . . .. . .. . . .. . . .. . . . . .. .. . . . , ... . .. . Eisler 1910b*::s 

, . , .. . , , .. .. . . . . . ._ .  . .. . , . . . .. , . ... Eisler 1910b'?Q 
. . . .. . . .. . . .. . . .. . . . . .. . . ... . . .. . ... Uheles 1 9 6 Z 3 ~ ~  

Ukekr 1 9 6 P '  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ukcles 196Z5" 
, . . .. , . ., . . .. . . .. . . , . _... .._. .... .. . Ukeler 1962": 
. . . . . . ., , . . . .. . . . . , , . , , , . . . , , . . . _ .  .. UkeleS 1962"' 
. . . .. . . .. . . .. . . .. . , . . .. . . .. . . . .. . .. . Ukcles 1962"' 
_ _ .  . . ._.. . . ... . . ... . . . , . . . .. _.. .... . Ukeles 19625" 
. . . . , , , . . . . . . , . . , . . . . . . . . . . . . . . . . . . . Oavis and Hidu 19692" 
. . . . . . . . . . . . . . . . . . , , . . , . . . . . . . . . . . . . Davis and Hidu 1969':' 

. . . .. . ,_ .__ .  . . . .. . . , , .. .. .. . . ... . .. . 

.................... ................ 

.................... .....,.......... 

.................... ......... 

. . . . . . , .. . . . . . . .. . , . . . . . . .._. . .. . . . . Milleminn 196P' 

. ._.  . . .. .. ... .. . .. . . .... _ _ . _ _ .  . ._.  .. Milleminn 19693" 
, . . . . . , , . . . __. . . . . . . . . . . . . . . . . . . . . . . Drnsrt (unpublishedP 
......_.._.._....... _......_........ b m c r t  " 

. . . . . . . . . , , . . . . . . . . . , . . . . . . . . . . . . . . . Oaris and Hidu 1969':' 

. . , .. , , . . . . . . , . , , . . . . ,.. .__.  . . . . . .. . Davis and Hidu 1969:' 
, . . . . . , , , , , , . . . . . . . , . . . . . . . , , . . . . . . . Oaris and Hidu 1969'1' 
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TABLE b- 

Subslancs Ttlted Formulation Organism Tested Common Namo Lils Slags 01 Silo Conc @pb act ingrad.) Methods 01 Auarmwl 
(mm) in wale! 

Guthion.. . . . . . . . . . . , . . . . . . , . . . . . . . , 

Guthion ... _. . . . . . , , . . 93 percent 

r4 
l aS lh im. .  . . . . . . . . , . , . . . . . ,.$. , , , . 

Malathion.. . . . . . . . . . . 95 percent 
Malathion.. . . . .. . . ._. 95 percent 
Malathion.. ._ _ _ _ _  ... , 100 percent 
Malathion ... . _.  _ _ _ .  , . 100 percent 
Malathion .... . . . . _.. . 100 percent 
Malatkion.. . . . . . . . . . . . . . . . . . . . . . . . . 

. ‘r 

Malathion.. . . . . . . . . . . 
Malathion.. . . . . . . . . . . 
Maulhion.. . . . . . . . . . . 

’ Malathion . . .___ .__ . . ,  
Malathion.. . . . . . . . . . . 
Malathion.. . . . . . . . . . . 
Malathion.. , . . , . , . . , , 
Malathion.. . . , , , . . . . . 
Malathion.. . . . . . . . . . . 
Malathion.. . . . , . . . , , , 

,._, . , . ..... Cyprinodon variqatus 

Gafterosteus aculsatus 

, . . . . . . . . . . . TetrrhymaN plrilolnti) 

...... 

100 QerCent 
100 percent 
100 percent 
100 percent 
100 percent 
100 percent 
100 percent 
100 percent 
51 percent 

”.,I.., o... ,I.;.. ,nn -....- * ..._..., . .-.-....-......, .-. ,-... ,.. 
Methyl Parathion.. , . , 100 percent 
Methyl Parathion.. . . , 100 percent 
Methyl Parathion.. .. . . . . , ._ ._ .  . . ._.  . . . . _.  . 
MethylPaulhion ..... 100 
Methyl Parathion.. . . , 100 
Methyl Parathion. . . . , 100 
Mcthyl Parathion ..... 100 
Methyl Parathion ..... I W  
Methyl Parathion.. . . , 100 
Methyl Parathion, . , . . 100 
Parathion. . . . . . . , . . . , . . . . . . . . . . . . . . . . . . . . . 

Phorate.. . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . 

e.....:.” 4”” ______. 
Phosdrin”. . . . _. . . . . . . 100 percent 
Phosdrin”. . . , . . . . . . . 100 percent 
Phosdrin”. . . , . . . . . . . 100 percent 
Phosdrin”. . . . . . . . . . . I00 perccnt 
Phosdrin”. . , . . . . . . . . 100 percent 
Phosdrin”. . . _.  . .. . . . 100 percent 
Phosdrin”. . . . . . . . . . . 100 percent 
Phosdrin”. . . .. . .. . . . 100 percent 
Phosdrin’. , . .. , . .. . . 100 percent 
Phosdrin”. . . . , , . . . . . 100 percent 
TEPP ... . . . . . .... .._ .... . ._ . _ _ _ .  . . . . ... . . 
TEPP. .. _ _ _ .  . . .._.. . . _ _ _ .  . . . . . . .. _ _ _ .  . . . 
TEPP ... . _ _ .  _ _ _ _ _ .  , _ _ _  . _ .  . . . . . . . _ _ _ _ _ _ .  . 
TEPP ..... . . . . _.  _ _ _ _ .  _ _ _ _ .  . . . . _.  . _ _ .  . _ _ .  . . 
TEPP ... .. .._. . . ___ .  . .._ ._ .  . . . _.  . . ...... ._ 
TEPP ... _ _ .  . . _ _ _ _ .  ___ .  . .. . . _.  ._____. .  , . 
TEPP .. . . _ _ _ .  . _.. , , . . _ _ _ _ ,  . . . . . _ _ _ _ _ _ _ _ .  
TEPP ... . . . . . . . . . . . . . . . _ _ _ _ .  . ._ ... _ _ .  . . . . 
TEPP ..... . . . . .__ .  . _ _  . . . . . . . _ _  .. .. . . . . . _ _ .  
TEPP ..... . . . . _ _ .  .. .. _ _ _ _ _ .  . . .... .. . _.  . _ _ _  

I O Y I Y I I I ,  . . . .. ,. , , , , I““ yr,rn,. 

Insecticides Carhamatas 
Baygon.. . . . . . . . . . . . , 
Baygon.. . . . . . . , . . . , , 
Baygon.. . . _ _ .  _....__ 
Baygon., . ._._, . _ _ .  , . 
Eaygon . . . . . . . . . . . . , . 
Baygon . . . . . . . . , , . . . . 
Baygon.. . . . . . . , . . . . , 
Barton.. . . . . . . . . . . . . 
Baygon.. _. _. . . . . . . . . , 
Baygon.. . . . . . . . . . . . . 

.............___..... 

..................... 

..................... 

..................... 

..................... 

..................... 

..................... 

..................... 

..............__..... 

............._,_..... 

Palaemon mcrodacfylus 
Palaemon macrodactylus 
Crangon septemspinora 
Palaemonstes vulgaris 
Pagurus tongicarpus 

. . . . . . Crasmstrea rirginica 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

. . Crassostrea rirginica 
Fundulus heteratitus 
Fundulus heteratitus 
Fundulus maialis 
Menidia menidia 
Mugil c rp l lus  
Thalassoma bif lKi l lUm 
Anguilla rostrala 
Sphaeroides macublus 
Gasterosteus aculeatus 

c .._.-- .-A --.-: -_._ -.. ‘.‘”,’ 
Pala@monetes vulgaris 
Pagurus longiurpus 

. . Fundulus hsteroelitus 
Fundulus heteroclitus 
Fundulus majalis 
Menidia menidia 
Mugil cephalus 
Anluilla rostrala 
Thalassoma bilasciatum 
Sphasoides rnaculatus 

. . Cyprinodon variegatus 

. . Cyprinodon varicptus 

i i i i igtii i  i t j i tG iy i f iu i i  
Palaernonetcs vulgaris 
Pagurus longicarpus 
Fundulus heteroclitus 
Fundulus hderoclilus 
Fundulus maialis 
Manidia msnidia 
Mupil ccphalus 
Anguilla rostrala 
Thalassoma bilarciatum 
Sphaerudes macubtus 

. . Protcc~cus sp 

. . Protococcus sp. 

. . Chlorella sp 

. . Ounatietla euchlora 

. . Pleodactylum tricornutum 

. . Monnchrysis lutheri 

. . Moncchryds lutheri 

. . Crassostrea virginica 

. , Crassostrea rirginica 

. . Chlotella Sp. 

. . Ounalislla euchlora 

. , Ounaliclb euchlora 

. . Ounaliella euchlora 

. . Phaeodactylum tricornutum 

. . Phaeodactylum tricornutum 

. . Phaeodactylum tricornutum 

. . Skelelonema coslatum 
_ _  Skelelonema coslatum 
. . Skeletonma coshtum 
. . Cyclotella m a  

Sheepshead minnw 

Threespino stickleha& 

... 
Korean shrimp 
Korean shrimp 
Sand Shrimp 
Grass Shrimp 
Hermit crab 
Amnitan Olskl 
American qster 
Mummichog 
Mummichog 
Striped killifish 
Atlantic silverside 
Striped mullst 
Blurhead 
American eel 
Northern puller 
Threespins stickbhach 

c_.1 _.i__ 
*.I,“ ”1”1,1” 

Grass shrimp 
Hermit crab 
Mummichog 
Mummichog 
Striped killifish 
Atlantic silversids 

American eel 
Bluehead 
Northern punn 
Sheepshead minnow 

Striped mUll8t 

Sheepshead minnow 

Sand shrimp 
Grass shrimp 
Hermil crab 
Mummithm 
Mummichog 
Striped killillsh 
Atlantic silverside 
Striped mullet 
American eel 
Bluehead 
Northern puller 
.......................... 
.......................... 
.......................... 
.......................... 
.......................... 
.......................... 
........................... 
.......................... 
American oystu 
American o ) s B  

...... 
26 
31 
Is 
Egg 
larvas 
12 
56 
u 
50 
48 
80 
s 
IO 
22-44 

_ _  
‘0  

11 
1.5 
38 
55 
u 
50 
48 
59 
90 
136 
40-JO 

4C-JO 

46 
31 
3.5 
42 
56 
u 
50 
100 
59 
80 
160 

&JO 2 

n-u 4.8 

h.Pbsa 10,oOo 

................. 01.5(19.&26.1) 
.... ... .... U . J ( 2 1 . 3 - U . l )  

31 
12 
ID 
901 0 
2660 
JO 
80 
250 
I25 
550 
2J 
82 
3250 
16.9 

i 
3 
J 
8.000 
58,000 
13,800 
5.100 

16.900 
12.300 
75.m 
IO 

5. mo 

5 

11 
69 
28 
65 
300 
75 
320 
300 
65 
J4 
800 

.............___. IXtOi 

................, 5x10s 

..............,., 3x10s 
_..___......__,., 1x105 

....__.....__.... 3x105 

. . . . . . .__.__.___. 1x105 

.......__....._.. 1x105 

................. 3x10’ 
E a  >IXIF 
lams >IXIF 

...............,. IO00 

................. I00 

............._... IO 

.............._.. 100 

...............__ 10 

................. 1000 

...........,..._. 100 

................. tom 

................. \ow 

AcetylcholineNnsa actirilyd in conbc 
n-experimental group cwlrd==1.38 
er~-o.w 

TLkl 

0.8 prcont deuwsa In a populaUon rim 
musursd as abrorbam at 540 mp 

TL-50 
11.50 
LC.50 
LC.50 
LC-50 
7LM 
TLM 
LC.50 
LC-50 
LC.50 
LC.50 
LC-50 
LC.50 
LC.50 
LC.50 
TLM 

ii.jt 
LC.50 
LC-50 
LC.50 
LC.50 
LC.50 
LC.50 
LC-50 
LC.50 
LC.50 
LC.50 
Acetylchotinesterasa actiritp in mntrol- 

VS:CIQL lrOUpS ContrPI-1.36 E m -  
0.120 

Acetylcholinestmsa actirilyd in control- 
v s m p t  groups Conlrol=l.l E@== 
0.086 

LC.50 
LC-50 
LC-50 
LC.50 

LC.50 
LC.50 
LC.50 
LC-50 
LC-50 
LC-50 
.62 00 expt/OO control 
.W 00 expt/OO control 
.65 00 eiptl00 control 
.2J 00 erpt/OO control 
.19 00 erpt/00 conlrd 
.% 00 espt/00 control 
.ID OD expt/OO control 
.I8 00 asp1/00 contrd 
TLM 
TLM 

L c - m  

25 percent reduction in 0, evolutiw 
32 percent reduction in 0% evolution 
21 percent reduction i n  01 evolution 
23 Denan1 reduction in 0, evolution 
28 percent reduction in Or evolution 
40 percent reduction i n  01 svolutioa 
YI percent reduction in Or evolutiw 
23 percenl reduction in Or erolutiw 
29 percent reduction in Or evolntiw 
53 percent reduction in 0. avolution 

d ACh hydrolynd/hr/rng. brain 



Ap/)cndix III- Table 6/'493 

Con tin ued 

Test Prardure Temp C Salinity W l e r  Environmental Criteria Statittical Evaluation Residue levels mg/kg Other Rnmeters Rdacm 

p H = 7 . 1 0 . 2  Statisliwl dincrence at 0.W1 level I= .................................... 72 hr static exDosure 21+2. 4 

$6 hr static bb bioassay ........ 25 pH 6 . b 7 . 4  Total Altdlinity as None 

96 hr growth lest in Tetrahymenr broth 26 0 .............................. Statistical diflerence at 0.05 level 

21.40 

c a C o 3 4 6 5 7  

c 

KaU 1 9 6 P  

Cmley and Kel lnu (unpubtishedp~ 

Earnest (UnpublishedpY 
Earner1 (unpub l i shed~~  
Eisler 1969':; 
Eisler 19693:; 
Eisler 1959'?: 
Davis and Hidu 19693::' 

Eider 1970al:s 
Eisler 1970b3?9 
Eisler 1970b3's 
Eisler 1970b':' 
Eisler 1970b3?9 
Eisler 1970b3:9 
Eisler 1970b*:P 
Eisler 197Obs?9 
Kah t96Ia51 

Eisler 19693::' 
Eisler 19693:' 

Eisler 1970a32s 
Eisler 1970b3?9 
Eisler 1970b"9 
Eisler 1970b329 
Eisler 1970b3:S 
Eisler 1970bZ?Q 
Eisler 1970b':9 
Eisler 1 9 i O ~ ~ ? '  
Coppage 

96 hi  static lab bioassay 
96 hr intermillent flow lab b 
96 hr static lab bioassay 
96 hr static lab bioassay 
96 hr static tab bioassay 
18 hr stabc tab bioassay 
14 day static lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
96 hr stalic lab bioassay 
96 hr static lab bioassay 
96 h i  static lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
96 h i  static lab bioassay 

96 hr static lab bioassay 
96 hr static lab bioassay 
96 h i  static lab bioassay 
96 hr static lab bioassay 
96 hr Italic lab bioassay 
96 hr static lab bioassay 
96 hr stalic lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
72 hr static eiporure 

13-18 12-30 Turb 1-12 JTU 95 percent wnlldence interval 
13-18 12-30 Turb 1-12 JTU 95 percent confidence interval 
2 0 1 . 5  24 p H = 8 . 0 0 0 7 . 1 - 7 . 8  None 
2 0 1 . 5  24 pH=l.O D 0 7 . 1 - 7 . 8  None 
2 0 1 . 5  24 p H = 8 . 0 0 0 7 . 1 - 1 . 1  None 
24rtl. ......................................... None 

..... 

ioassay 
................ 
................ 
................ 
................ 
................ 
............... 
............... 
. . . . . . . . . . . . . . .  
................ 
. . . . . . . . . . . . . . .  
................ 
................ 
................ 

................ 

.................... 

.................... 

.................... 
.................... 
................... 
.................. 
.................... 
.................... 
.................... 
.................... 
.................... 
. . . . . . . . . . . . . . . . . .  
..................... 

2 4 1 1 .  ..... 
20 24 
M i . 5  24 
m i . 5  24 
2Of.5 24 
2 0 1 . 5  24 
2 0 1 . 5  24 
2 3 1 . 5  24 
2 1 1 . 5  24 
2 o i . 5  2s 

2 O i . 5  24 
2 0 1 . 5  14 
2 0 1 . 5  24 
20f.5 24 
2 0 1 . 5  24 
1 0 1 . 5  14 
2 0 1 . 5  24 
20*.5 24 
2 0 1 . 5  24 
2 0 1 . 5  24 
20*.5 24 
2 1 1 2 .  4 

2 1 1 2 .  4 

2 O i . 5  24 
2 0 f . 5  24 
1 0 1 . 5  14 
20 24 
20*.5 24 
mi- 5 14 

2Of.5 24 
2 0 1 . 5  24 
2o i . s  24 
2 0 1 . 5  24 
20*.5 24 
m . 5 1 1  22-28 
20.5*1 22-28 
2 0 . 5 1 1  12-28 
i 0 . 5 1 1  12-28 
io.s+i 22-28 
m . 5 1 1  22-28 
~ 0 . 5 1 - 1  22-18 
2 0 . s i i  22-28 
2 4 1 1  . . . . .  
2 4 i t  ..... 

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

................................ None 
pH=8.O 0 0 7 . 0 - 1 . 7  None 
pH=8.0 None 
pH=8.0 None 
pH=8.0 None 
pH=8.O None 
pH=8.0 None 
pH=8.0 None 
pH=8.0 None 
pH=6.&7.4 4 6 5 7  Total alkalinity None 

pH=ll.O DO 7.1-7.7 None 
pH=B.O 00 7.1-7.7 None 
pH=8.0 00 7.1-7.7 None 
pH=B.O 0 0 7 . b 7 . 7  None 
pH=8.0 None 

None 
.............................. None 
.............................. None 
........................... None 
.............................. None 

as CaCol 
.................... 
.................... 
.................... 
. . . . . . . . . . . . . . . . . .  
................... 
.................... 
. . . . . . . . . . . . . . . . . . .  
.................... 
.................... 

. . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

............... 

. . . . . . . . . . . . . . . .  None 
Statistiwliy ditterenl at 0.001 l eve l  I= 

21.0169 

Statisliwlly ditterenl at 0.001 level I= 
4.6C3 

None 
None 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

None 

pH 7 1 . 2  

Coppage (unpublished)S'? 72 hr slatic exposure pH 7 1 . 2  

Eisler 1969'?; 
Eisler 19693:; 
EISICI 1969'?: 
Eisler 1970a3?6 
Eisler 1910b':9 
Eisler 1970b3?9 
Eisler 1970b329 
Eisler 1970b"Q 
Eisler 1970b3??P 
Eisler 1970b'?9 
Eisler 1970b3?9 
Ukeles 196P: 
Ukeles 19625." 
Ukeles 19623': 
Ukeles 196Z5" 
Ukeles 19623" 
Ukeles 1962347 
Ukeles 1962'*' 
Ukeles 1962u' 
Davis and Hidu 1969"' 
Davis and Hidu 19633% 

96 hr stalic lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 
96 hr static lab bioassay 

96 hr static lab bioassay 
96 hr static lab bioassay 
96 hr statlc lab bioassay 
96 hr &tic lab b i o a r y  
96 hr static labkinassay 
I O  day growth test 
10 day growth tell 
10 day erowth test 
10 day prowlh test 
10 day growth test 
10 day growth lest 
10 day growth test 
I O  day growth test 
18 hr static lab bioassay 
14 day static lab bioassay 

96 hf st?tic Irh hieytny 

pH=8.O D0=7.1-7 .7  
pH=8.O DO=7. l -7 .7  
pH=6.0 00=7.1-7 .7  
pH=8.0 
pH=8.O D0=7.1-7.7 
pH=8 0 0 0 = 7 . 1 - 1 . 1  
pH=8.O DO=7.1-7.7 
pH=8.0 0 0 = 7 . 1 - 7 . 7  
pH=8.0 00=7.1-7 .7  
pH=l.O 00=7.1-7 .7  
pH=8.0 0 0 = 7 . 1 - 7 . 7  
500 1L.c continuous 
500 II..~ continuous 
500 1l.c continuour 
500 ((..E ccntinuous 
500 1L.c conbnuous 
500 1L.c continuous 
500 1L.c continuous 
500 It.-c continuous 

. . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

................ 

................ 

................ 

. . . . . . . . . . . . . .  

............... 

................ 

............... 

. . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  

................ 

................ 

................ 

.............. 

................ 

................ 

................ 

................ 

............... 

................ 

.................... 

. . . . . . . . . . . . . . . . .  

................... 

.................... 
............... 

................... 

................... 
. . . . . . . . . . . . . . . . .  

................... 

.................... 

................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 1 
..... 
..... 

..... 

..... 

..... 

..... 
. . . . .  
..... 
..... 
..... 
..... 
..... 

Derby and Rube1 1971a?5 
Derby and Ruber 1971"5 
Derby and Ruber 1971*25 
Derby and Ruber t971816 
Derby and Ruber 1971*~5 
Derby and Ruber t971*?5 
Derby and Ruber t 9 7 P  
Derby and Ruber 1971315 
Derby and Ruber 197t8?5 
Derby and Ruber 1971"5 

0, evolution measured by Winkle1 
Light.and.Dark Bottle technique 
1 L ot cullure intubated 20 hrs i n  
pesticide solution. then placed in  
lest bottles 4 hrs. 

2% 11.-c 4 hrs All percent 1=4.5 
............................... signifiwnt 1=4.6 
................................ atO.05 I=&# 
................................ level t = t . 9  
................................ 1=2.5 
............................... 1=3.a 
................................ 154.3 
................................ 1=2.1 
................................ k 2 . 9  
................................ 1=11.0 

................ 

................ 

................ 

................ 

................ 

................ 

................ 

................ 

................ 

................ 

.................... 

................................ 

................................ 

............................... 

............................... 



494/.4ppendi.r III-Marine Aqrintic Life and Wildlife 

TABLE 6- 

Substance Tallod fsmulttion Organism Tested Common Namo Lifo Slago or Silo Corn (@I act inynd.) Methods 01 Assessmoat 
(mm) in wato 

serinQ .............. %iprcent 
~erin* .............. %percent 
sori# .............. %percent 
SerinQ.. ............ %i prcent 
S e v i P ,  ............. % percent 
sorin Q .............. % pmnl 
SorinQ .............. 45 percoat 
forin@. ............. too pmnt 
QviP .............. 1oopnceni 
QrinQ .............. apercent 
serinm .............. aprcont 
SerinQ .............. aperwnt 
SorinQ .............. 80 prcent 

Dunalielb ouchlora 
Phaoodactylum Mtwnutum 
Monahqsis Iulheri 
Chlorolb sp 
Chlorolb sp 
Profocacus sp 
Rolocacus rp 
Palaemon macrodactylus 
Palaomon mauodactylus 
Upqobia pugonensis 
Calliaosa calilmismis 
calliatusv catifornionds 
cancer Mgiller 

Serin". ............. 80 porcont HRdgIapSh oraononsis 

Sarin@. ............. 8O prcont Cnssostrea #as 

........................... Crauostrea nrginica 

........................... Crassoslrea virginica 
Serin*.. ...................................... Mercanaria mereenarid 
Sorin". ....................................... MefClMfii mmnar ia  
Qrin' .............. 80 percent Clinwrdium nullall 
LrinQ .............. 80 percent Clinwrdium nut t l l i  
forik.. ............ 8O percont Mytilus sdulis 

Serin* .............. 80 percant Parophqs vstulus 
CymatL@er aggfegab 
Gastorostsus aculeatus 

k i n * .  ............. 95 percant GaStOfMtCUt lCUlWtUf 

fovin@ .............. 98 oercent Leimtomus lln!hUNS 

SorinQ .............. 80 percent Onchoqnchus hela 

SovinQ.. ............ 80 percent Cancer magistcr 

sann". ............. 80 percent Cancer magisler 
sarin*.. ............ 110 percent Camcr magister 

Serin@. ............. 80 ;errant Cancer magistor 

8-.--Gd.-. ":-dk---.. 
III~.".,".. 1.11.11111."". 

.... Aphoble. .... ...... Pabomonelesrulpris 
Aphoblo.. ..................................... Palaemonetcs rulgrir 
Aphobio. ...................................... Nasv obsolola 
Aphoblo. ...................................... Nasv ohsolela 

Pphobto. ...................................... Nasv obsolsla 

Aphobto. ...................................... Fundulus ~ j a l i s  

Herbiddos Benzoic add 
Chlmamkm. _. . _ _  _ ._ .  Technical acid Chlorounum sp 

Technical acid Ch lOfK~Um rp 

Technical add Dunalielb t e r i i o k t a  
Technical acid O U N l i S l l a  tCrtiOl& 

Technical add Isochryus galbarn 
Tachnical add luxhrysis galbana 

Technical add Phaeodaclylum MsDInulum 
Technical acid Phaeodaclylum bimrnutum 

Ammonium an Chloromum rp 
Ammonium an Chloromum sp 

Ammonium an Dunaliella tntiokta 
Ammonium an Dumliolb latiokta 

Ammonium an Imchqsis galbaa 
Ammonium salt lmchgus plbaa 

............................. IC03 

.......................... .......... lm 

........................................... l rn  
10,oOo 

........................................... tom 

........................................... 1o.m 
Korean shrimp ................. 12.0(8.C13.5) 
Korean shrimp ................. I.O(l.5-28) 
Mud shrimp 3 40 (30-60) 
Ghost shrimp 
Ghosl shrimp Adult lu1 

.......... 100 

........................................... 

3 10 

Dungenas crab JUVOnilO ( d o )  bw (5SWIO) 

Shore crab Adult (lamalo) 270 (604%) 

Pacinc oyster l a m 0  m ( i s w r n o )  

American qstn E u s  3.000 
American oysto larva0 3.000 
Hard cbm E m  3,820 
Hard clam lam0 > 2 . m  
COtklS C h  Adults J, 3 0  
Cocklo cbm Jurenilo 1,850 
Bay mussel larvae 2,100 (tW23M)) 

English sole Juronilo 4.100 (3200-5000) 
Shiner porch Juvenile 3.900 ~IIWMMIO) 
Throaspins sticklobatk Juronilo 6.700 (SM-7700) 
Threospins sticklebach 22-44 3,W 

soot 18 mm I W  

Chum vlmon Juronilo 2.500 (2200-2JOO) 
Dungensss crab oggiprezoeaI 6 
Dungsnoss crab low I O  
Dungonesf crab luronilo 280 
Dungensu crab Adult I80 

Grass shrimp 29.5 >IXIOS 
Grass shrimp 29.5 5.50X106 
Mud snail 11.4 >1X10' 
Mud snail 13.16 1.OXIIT 

Mud $Ma 12.11 1.0XlOJ 

Striped killifish 41.5 >5.X100 

........................................... 1.15XlO' 

........................................... 5.XlIT 

........................................... l.5XIO' 

........................................... 1.5XlC 

........................................... t.OX10' 

........................................... 2.5XI04 

........................................... i.mxie 

........................................... 4.XllP 

........................................... 2.7SXW 

........................................... 4 . x w  

........................................... 1.5XIlP 

........................................... 3.5XW 

.6.5 0.0. exptlO.0. control 
.OO 0 0. expt/D.D. conlrol 

* .OO O.D. expl/O.D. control 
.80 0.0. expl1O.D. control 
.OO 0.0. oxpllO.0. control 
.74 O.D. oxpl1O.D. control 

11-50 
TL.50 
TLM 
TLM 

EC.50 (Paralysis 01 doalh) IOU ol eqwlib 

.00 D.D. er9tlO.D. control 

T i m  

rium 

death) 

straight lingo shell sbra 

EC.50 (Paralysis IMS 01 equilibrium Ol 

EC.50 ofirontion 01 devclopmont lo 

T i m  
TLM 
TLM 
TLM 
TLM 
TLM 
EC-50 provenuonor nevelopmenliosinigni 

TLM 
TLM 
TLM 
TLM 

65 prcenl survived in erpetimenlal and 

lings shell slagk 

control tsst 

TLM 
Prevention 01 hatching and molling 
Prevention 01 molting and death 
Death or paralysis 
Death or paralysis 

TLM 
Post exposure TLM 
TLM 
Reduction in the # of egg cases doposled 

Reduction in # 01 oggclses dewsiledlrom 

TLM 

lrom 103 lor control to 10 lor erpt 

103 by control I o  16 by oxpL 

50 percent decrease in Or evolution 
50 perwnt decrease i n  g~wuI 

50 perwnt decruse i n  Or evolution 
50 percenl decrease in 

50 percent deuw;s in Or OrolutiM 
50 prcent decrease in gfOWlh 

50 percent decrear in 01 erolutioo 
50 perwnt decreato i n  aDvrul 

' 

50 p e n 1  decrease i n  Or Q V O l u ~ D o  
50 prcent decrease in lrorvvl 

50 percent decrease in 01 orolution 
50 percent deUULB in g r m  

50 pacent d m a s e  in D t  erohmm 
50 percenl decrease in g~owlh 

0 
0 

.- 

O 
D 

0 
0 
0 

9 

No rovrvl but aganisms were r iabb 
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Appendix 111-Table 61495 

Continued 

Test Rocedurr Trmp C Salinity Q/w Other Environmental Crileria Statistical Evaluation Residue levels mp/kp Other Paramelers Rdcrcnce 

IO day ermvlh l e s l  
IO day V a l h  l e s l  
IO day (rowlh l e s l  
IO day Irmvlh les l  
IO day growth l e s l  
IO day Uowth lesl 
IO day growth lest 
96 hr static lab bioassay 
96 hr inlermillenl.flow lab 
48 hr static lab bioassay 
48 hr slalic lab bioassay 
24 hr stalic lab b!cussay 
24 hr rtalic lab bioassay 

I bioassay 

_. 

11-28 
22-28 
22-28 
22-28 
22-28 
22-28 
22-28 
12-30 
12-30 
25 
25 
25 
25 

500 11-c continuous 
500 I1.c continuous 
500 11s continuous 
X4 I1.c continuous 
500 11,s continuous 
500 Its continuous 
500 lL.c continuous 
Turbidity 1-12 1TU 
Turbidily 1-12 JTU 
pH 7.34.1 
p H 7 . M . I  
pH 7.9-8.1 
pH 7.94.1 

None 
None 
None 
None 
None 
None 
None 
95 percent confidence l imib 
95 p r c e n l  confidence limils 
None 
None 
None 
Nono 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

.................... 

................ Ukeles l % P 7  

................ Ukrles l962u' 

................ Ukcles 1962347 

................ Ukeles 196P' 

................ Ukeles l362u' 

................ Ukrles 196234' 

................ Ukelrs 1962'7 

................ Grnesl (unpuhlishedp 

................ Grnesl (urpublishedpu 

................ Strwi r l  el i L  1961346 

................ S l n a r l  e l  11. 1961"6 

................ Slmrl e l  11.1961'6 

................ Stewart rl al. I % P S  

.................................... Stnarl el aI. 1361"' 24 hr static lab bioassay 2Df2 25 p H 7 . M . l  None 

48 hr Nttc lab bioassay 

48 hr slalic lab bioassay 
14 day slatic lab bioassay 
14  hr slalic lab bioassay 
I 4  day static lab bioassay 
24 hr static lab bioassay 
96 hr slalic lab biMSsay 
36 hr slalic lab bioassay 

2 0 f 2  

24fl 
24*l 
24f l  
24f1 
20f2 

2 0 f 2  
m=t 1 

25 pH7.94.1 None 

......................................... None 

......................................... None 

.......................................... None 

.......................................... None 
25 PH 7.9-8.1 None 
25 ................................ None 
25 pH 7.9-8.1 None 

24 hr static lab bioassay M f 2  25 
24 hr static lab bioassay 20f2 25 
24 hr slalic lab bioassay 2 0 f 2  25 
96 hr static lab bioassay 20f.5 15 

5 months continuous flow chronic lab 16-29 24-30 
bioassay 

96 hr static lab bioassay 15 25 
24 hr slalic lab bioassay l0 f l  25 
96 hr stalic lab bioassay 10fl 25 
96 hr static lab bioassay l 8 f l  25 
96 hr slalic lab bioassay i a  25 

pn 7.9-a.1 None 
pH 1.9-8.1 None 
pH 1.9-8.1 None 
pH=6.8-1.4 Total alkalinity None 

................................ None 
4 W 5  ppm 

................................ None 

................................ None 

................................ None 

................................ None 

................................ None 

96 
50 
96 

hr sblic lab bioarsay 
1 days slalit conditions 
hr static lab bioassav 

20 24 DH 1.8 
20 24 pH 7.8 

100 day post exposure l o  96 h i  static 20 24 pH 1.8 

20 24 pH 1.8 

20 24 pn 7.8 

lab bioassay a1 I O  ppm. 

96 hr slalic lab bioassay 20 24 pH 7.8 

.f 20 30 
Growth measured as ABS. (525 mu) 20 30 

I 20 30 
Growth measured as ABS. (525 mu) 20 30 

alter IO days 

i l l e r  IO days 
f 20 M 

Growth measured as ABS. (525 mu) 20 30 

I 20 30 
Growth mrsurrd as ABS. (525 mu) 20 30 

alter 10 days 

pH=7.9-8.l 6000lUX 12/12 
pH= 1.9-8. I 6000 lUf 12/12 

pH=7.9-8.1 6000 IUX  12/12 
~H=~.M.I woo IUX 12/12 

pn=7.wM.i wooiux 12/12 

pn=J.+a.i woo IUI 12/12 

pH=7.9-8.l W00lUt 12/12 

pH=7.94. l  WOO IU: 12/12 

Stewart el  aL 1961346 

.................................... Davis and Hidu l969**  

.................................... Oivis and Hidu l963'?( 

.................................... Davis and Hidu 1963'24 

.................................... Davis and Hidu 19S952' 

.................................... Slewarl et al. 19618'6 

.................................... Buller e l  al. 1968'z 

.................................... Slewail e l  al. 1967"' 

................ Stewarl el  al. 1967*S 

................ Stewart e l  al. 1961346 

................ Slewarl el aI.1961rS 
................ Kalz 1961- 

.................... 

.................... 

.................... 

.................... 

No palhology; Lowe 1961"'e 
mild AChE 
inhibition. 

................ Millcmann 1969Y' 

................ Buthanan el at. 1969"1 

................ Buchanan e l  al. 196932' 

................ Buchanan el 11. 1969>?1 

................ Buchanan e l  1I.1369'?~ 

None ............................. ,:, .... Eisler 1366526 
None .................................... Eisler 1 9 W 6  

................................... Eislsr 19665?G 
Reduction signiflunl at 0.01 level. .................................... Eisler 1966'?6 

Reduction sipil icanl e l  0.01 level. .................................... Eider 1966°C 

None .................................... Eider 136652S 

None 

Analysis ny c n i q u a r e  

Anaiysis by Chiquare 

Lilchfield P Wikoxon M e l h o d . l 3 4 P ~  .................................... Walsh 197ZuS 
.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Wa&h " 

.................................... Walsh " 

.................................... Walsh " 

iller IO dais 
20 30 p H = 7 . W . I  6000 lux 12/12 .................................... Walsh " 

Walsh " Growth mrasurcd as ABS. (525 mu) 20 M p H = l . b l . l  W O O  lux 12/12 .................................... 

20 M p~=i.ea.i moo iu: 12/12 .................................... Walsh " 

Wi lsh " Growth measured as ABS. (525 mu) 20 30 pH=7.94.1 6000 lux 12/12 .................................... 

Wakh " 20 30 p n = ~ . w . i  ~ W O I U I I Z / I ~  .................................... 
Walsh " Growth measured as ABS. (525 mu) 20 30 pH=7.94.1 WOO lux 12/12 .................................... 

I 

alter IO days 
I 

i l l e r  I O  days 
I 

i l l e r  I O  days - 
02 svolulion measured by Gilson diflrrential respirometer on 4 ml 01 cullurs i n  phaw. Lsnflh of t e S l 9 0  m i n W  
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TABLE 6 

Subsbow Tested Formulation Organism Tosled Common Namo Llfe Stage or Silo Cow (ppb act ingred.) Methods of Assesrmonl 
(mm) in waln 

Ammonium salt 
Ammonium salt 

Methyl ester 
MeLyl ester 

Methyl esta 
Methyl ester 

Msthyl estn 
MslhyI ester 

Methyl sstn 
Methyl ester 

Oipyridytium 

ni?ml nihrgrnido 

Oiquat.. ............ Oibromido 

Oiquat.. ............. Oibromide 
Oiquat., ............ Oibromide 

Paraqual ............. Oichloride 
Paraquat ............. Dichloride 

Paraqual ............. Oichloride 
Paraquat ............. Oichloride 

Paraquat.. ........... Oichlorido 
Paraquat ............. Dichlaido 

Paraquat ............. Oichloride 
Paraquat ............. Oichloride 

Nitrile 
Oichlobenil.. ......... TKhnical add 
Oichlobenil.. ......... Technical add 

Oichlobenil.. ......... Technical acid 
Oichlobenil.. ......... Technical add 

Oichlobenil.. ......... Technical add 
Oichlobenil.. ......... Technical add 

Oichlobenil.. ......... Technical acid 
Oichlobenil.. ......... Technical acid 

Phaeodaclylum trimnuturn 
Phaeodaclylum lricornutum 

Chlmaaaum rp 
Chlaaacum rp 

Ounalielb tertiolecta 
OUMliOlla IartiOlKb 

Irachqsir galbarn 
Irachqtir galbana 

Phaeodaclylum tricornulum 
Phaeodaclylum triwrnulum 

Chloraaaum sp 
Chloraacum rp 

Ounalielb ter t iokta  
Ounalielb rertiolecta 

Icy,hyi! $in? 

luxht'ysir galbana 

Phaeodactylum tricornutum 
Phaeodaclylum tricornutum 

Chtoraaaum rp 
Chloraacum sp 

Ounaliellr tertiolecta 
Ounaliellr Iertiolecb 

Itorhryrir galbana 
ISOChqtis galblN 

Phaeodrctylum tricornutum 
Phasodaclylum lricornutum 

Chloraoaum sp 
cmorocarum rp 

Ounalielb lertiolecb 
Dunalielb tertiolecta 

lsahqsir  galtuna 
lsachqsis galbana 

Phaeodrclylum tricornutum 
Phaeodaclylum lricornuhlm 

Organochlorino 
MCPA.. ....................................... Cnrsostrea rirfinica 
MCPA.. ....................................... Crasrmtrea virginica 

Phenolyawtic add 
2.4.0 ............... GtW Cnuorlrea rirginica 
2.4-0 ............... Ester Cnrrorbea rirfinica 
1.4-0 ............... salt Cnssmbea rirginica 
2.4.0 ............... SaH Cnsrostrea rirfimca 
2.4-0.. ............. TeChnical add Chlorococwm sp. 
2.4-0.. ............. Technicrl add ChlMOCC6CUm rp 

2.4-0. .............. Technical add OUMlillb I h O l e C t a  
2.4-0.. ............. Technical add OunaEelta tcrtiolecg 

2.4-0.. ............. Technical add I$OChr)llis gabM 
2.4-0.. .............. Technical io'd Irrtht'yrir g a [ & ~  

........................................... 3.25XtO' 

........................................... 3.0X10' 

........................................... 2x101 

........................................... 2.5XlC 

.......................................... 1.15x101 

........................................... 5x101 

........................................... 1.5XlO' 

........................................... 5x101 

................................ 

................................ 

................................ >.5XtO' 

................................ 2.X10' 

........................................... >S.XIO' 

........................................... 3x10' 

. . . . . . . . . . . . . . . . .  . X V ! ? ~  

........................................... 1.5XIF 

........................................... >5XIO' 

............................................ 1.5XIC 

........................................... >SXtO' 

........................................... 5XIF 

........................................... 2.5XIOO 

............................. 

............................. 

................................. 

........................................... 1.25XIO' 

........................................... 6x10' 

........................................... 1x10' 

........................................... 6XIF 

........................................... 1.5XIO' 

........................................... 2.5x104 

American qrW h 1.562XlC 
American qsW Lam 3.13XtC 

American qsW h BXIP 
American qiter IdNan 14 
American qsW h 2.WXlC 
American qsW bnao 6.429XIC 

......................... 6XIC 

......................... 5x104 

........................................... 9x104 
......................... 1.5X104 

......................... 6x10' 

......................... 5x10' 

50 prrcent decrease in 02 ovolution 
50 percent decrease in growth 

50 percent decrease in Or omlution 
M percent decrease in growth 

50 percent decrease in 01 ovolution 
50 percent decrease in growth 

50 percent decrease in 01 evolution 
50 percent decrease in growth 

50 percent decrease in 01 evolution 
50 percent decrease in growth 

M percent dccrean in  01 evolution 
50 percent decrease in growth 

50 percent decrease in 01 avolution 
50 percenl decrease in grmvth 

vl y s n t  f l ~ r n r e  i g  0, ~r&#!@ 
50 percent decrease in  pmlh 

50 percent decrease in 01 evolution 
50 percent decrease in growth 

50 percent decrease in 01 evolution 
50 percent decrease in growth 

M percent decrease in 01 evolution 
50 percent decrease in growth 

M percent decrease in Or evolution 
M percent decrease in growth 

50 percenl decrease in O t  evolution 
50 percent dKIMS8 in growth 

50 percent decrease in O t  evolution 
50 percent decrease in growth 

50 percent dWQM in 01 evolution 
50 percent decrease in growth 

50 percent decrease in  0, evolution 
50 percent decrease in growth 

50 percent decrease in 01 8volUtion 
50 pelsent deueals in grtmah 

T i m  
TLM 
TLM 
TLM 
50 percent decrease in 01 arolution 
50 palsent decrease in growth 

50 W n t  decrease in Or ovolntion 
50 pmnt decrease in grmlh 

50 W n t  decrease in 0% erolntiw 
50 W n t  decrease in mwlh 
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Continued 

Temp C Salinib O/OO Other Environmenlal Criteria StatisGsrl Enlual ion Reriduc levtlr mi /k i  Olhcr Rnmctns Referem Ted Procedure 

J 
Growth measuredas ABS. (525 mu) 

i l ler  IO days 
J 

Growlh measured as ABS. (525 mu) 
i l ler  IO days 

1 
Growth measured as ABS. (525 mu) 

aller IO days 
J 

Growth measured i s  ABS. (525 mu) 
i l le r  I O  days 

J 
Grmvlh measured as ABS. (525 mu) 

iller I O  days 

J 

J 

Growth measured ar ABS. (525 mu) 
tller I O  days 

Growth measured as ABS. (525 mu) 
aller I O  days 

J 

J 

Measured as ABS. (525 mu) aller 
IO days 

Measured as ABS. (525 mu) aller 
IO days 

J 
Measured ar ABS. (525 mu) i l l e r  

IO days 
J 

Measured as ABS. (525 mu) sller 
IO dayr 

J 

J 

Measured as ABS. (525 mu) iller 
IO days 

Measured as ABS. (525 mu) alter 
IO dayr 

J 
Mearured as ABS. (525 mu) i l le r  
IO dayr 

J 
Y ...,....I .. .ne ....... . . . . . .  c ,  

,E.= -::\ ..... ..< "' x-, 5::=: 

IO days 
J 

Measured as ABS. (525 mu) alter 
IO days 

J 
Measured as ABS. (525 mu) alter 
IO days 

0 hr Ntic lab bioassay 
14 day Ntic lab bioassay 

Q hr static tab bioassay 
I4  day s l l l i c  lab bhssay 
Q hr rtatic lab bioassay 
14 day rlaEc tab bioassay 

J 
Measured as ABS. (525 mu) after 
IO dayr 

J 
bleawrcd ar ABS. (525 mu) after 
IO days 

J 
Measured as ABS. (525 mu) rm 
IO days 

20 
m 
20 
m 
20 
20 

m 
20 

20 
20 

20 
20 

20 
20 

m 
20 

20 
20 

20 
20 

20 
20 

20 
20 

m 
20 

20 
20 

20 
?r! _- 
m 
20 

20 
20 

24fl 
24fl 

24fl 
24fl 
24*1 
24fl 

m 
m 
m 
m 
m 

m 

30 
30 

30 
30 

30 
30 

30 
30 

30 
30 

M 
30 

30 
30 

30 
30 

30 
30 

30 
M 

30 
30 

30 
30 

30 
30 

30 
30 

30 
10 

30 
30 

30 
30 

... 

pH=7 .M. I  WOOlul 12/12 
pH=7 .M. I  WOO lux 12/12 

pH=7.W.l S W O  lux 12/12 
pH=J.W.I WOO I U I  12/12 

pH=7.WHI.I WOO IUI 12/12 
pH=7.W.I  MOO IUI 12/12 

pH=7.9-8.1 WOO I U I  12/12 
pH=J .W. l  WOO IuI 12/12 

pH=J.W.I  MOO IuI 12/12 
pH=7.9-8.1 MOO $I 12/12 

pH=J .W. l  WOO IUI 12/12 
p H ~ 7 . W . l  6OOOlux 12/12 

pH=J.b8.l WOO IUI 12/12 
pH=7.9-8.1 WOO IUI 12/12 

pH 7.9-8.1 WOO IUI 12/12 
pH 1.W.I WOO IUI 12/12 

pH 1.9-8.1 6000 IUI 12/12 
pH 7.9-8.1 WOO IUI 12/12 

pH 7.9-8.1 MOO IUI 12/12 
pH 7.9-8.1 6000 IUI 12/12 

pH7.9-8.1 E4OOlu112/12 
pH 7.9-8.1 E400 IUI 12/12 

pH 7.b8. l  6000 IUI 12/12 
pH 1.3-8.1 WOO lux 12/12 

pH 7.94.1 WOO BI 12/12 
pH 1.9-8.1 MOOIul12/12 

pH 7.9-8.1 6000 IUI 12/12 
pH 7.9-8.1 WOO IUI 12/12 

pH7.9-8.1 W00lu112/12  
;:: :.fi.i . GOO ib iilii 

pH 7.9-8.1 WOOlux 12/12 
pH 7.94.1 WOOlul 12/12 

pH J.W.1 WOOlux 12/12 
pH 7.94.1 WOO IUI 12/12 

.... 

.... 

..,. 

.... 

..,. 

.... ..................................... 
30 pH 7.96.1 WOO IUI 12/12 
30 p H I . W . 1  6M)Olul12/12 

30 pH7.W.ISWOlul12/12 
30 pH 7.9-8.1 WOO BI 12/12 

30 pH 7.W. I KO0 lur 12/12 
30 pH 7.9-8.1 SWO IUI 12/12 

LitchSeld & WilCoIon Methodm 

. None 

. Nons 

. None 

. None 

. Nons 

. None 
Likhneld L Wibxon  Mathodn' 

.................................... Walsh " 

.................................... WJlSh " 

.................................... Walrh " 

.............................. Walrh " 

.................................... Walsh " 

.................................... Walsh " 

........................ Walsh " 

........................ Walsh " 

.................................... Walsh 1 9 1 2 ~ ~  

.................................... Walsh " 

........... 

.................................... Wilsh " 

.................................... Walsh " 

.................................... Walsh " 

............................. 

............................. 

.................................... Walsh " 

.................................... Walrh " 

.............. 

.............. 

.................................... Walsh " 

.................................... Walsh " 

.................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh . 

.................... . _.  . Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Oaris and Hidu 196bU 

.................................... Oarisand Hidu 19691' 

......................... Oarisand Hidu 1969" 
.................................... Oavisand Hidu 19692' 

. . Oaris and Hidu l l P u  .................... 

.................................... Walsh 1972"8 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

............... .. Walsh " 

............... .. Walsh " 

I 01 evolulion murured by Gilsnn diflucntal rapiromstu on I ml of wIIure in  la phaurs. Lsngih o( tat 80 minutst 
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subslam ToItDd Fmmublim 

2.6.0. .............. Technical acid Phaeadaclylum lricomulum 
2.6.0 ............... Technical acid Phaeadaclylum t i ~ m n u l u ~  

2.4-0. .............. Botoryolhanol OIIW Chlcicautm tp 
2.6.0.. ............. Botoqslhanol mlcr Chtmaormm tp 

2.4.0.. ............. EotoqoUunol erter DUNfidb IGfbW 
2.6.0.. ............. B U l O ~ O U u n O l  orlcr Dunafiella lmtioW 

2.6.0.. ............. Eutoqotlranol &a lIacfuydr gamana 
2,4.0. ............... Butoqotlranol mtcr Iwchmir galbard 

2.6.0.. ............. Botoqotlranol orto Phaeodaclylum t i r m n ~ m  
2.6.0.. ............. Eotoqothanol &a Phaeodaclylum biromulula 

EMID..  ............. 2.6-0 cmpd Craumb'ea ridnica 
EMID ............... 2.6.Dcmpd Craumtrea virginis 
2.4.5.1 .............. Technical acid C h l M W U m  
2.4.5.1. ............. Tochnical acid Chlorouxwm rp 

50 patent desreasa in Or oraluljm 
50 pateal desreasa in growth 

........................................... lXl0' 50 pomont decreasa in Or ordntim 

........................................... 1.5XIC d penent dwea in g r d  

50 pmnt decroasa in 0% orduliw ........................................... lXl0' 
so parco111 decream in gnmu~ ........................................... 1.5XIC 

........................................... 1x10' 50 partent desreasa in 0% ordutim 
50 patent d w w s a  in p w l h  ........................................... 1.5Xlb 

so pmnt decru8.w in or aroiutiw 
m pamnt decreaxa in growth ........................................... 1.5XIO' 

American qm E t 5  1.WXIb TLM 
American qdu bn? 3.0Xlb TLM 
........................................... 1.5XIO' so pacont deaeaxa i n  0% evolution 
........................................... 1.0X10' 50 percent dsroasa in growth 

........................................... 2.6.5.1 .............. Technical acid DUnaIiOlla IntiOleCta 1.5XlO' y1 p m n l  deunasa in 01 orolutiw 
2.6.5.T.. ............ Technical acid OUNliOlb IeCt iO lKb ........................................... 1.2SXIO' 50 pamnl dsrreasa in growth 

* ___._ 2. __,.___ 2.4.5-1 .............. iecnnicai ad6 ,>U.,l#,*. &."I.'" 

2.4.5.1 .............. Technical a i d  lrochqdr gamana 

2.4.5.1 .............. Technical acid Phaaodaclylum ticmnulum 
2.4.5-1.. ............ Technical acid Phaoolclylum ticarnuturn 

........................... 

.......................................... 
5XIC 
5x10' 

50 wmnt deuasa in O t  orolution 
50 pmnt deuexa in growth 

........................................... 1.5XlV 50 prcent dweasa in 01 orolutiop 

........................................... 5x10' 50 prcenl  dsrreaxa in g rw lh  

Phlhalic 
Endolhall.. , __. . , . , . , Technical acid Chlaaarum Ip .......................... ........ 1x10' 
Endolbll.. .......... Technical add Chloraoscum rp ........................................... 5Xlb 

Endolhall.. .......... Technical acid OUNht!h l O f i O k &  ........................................... 6.15X108 
Endothall., .......... Technical acid Ounaliolb tcrtiolecb ........................................... 5x10' 

Endothall.. .......... Technical acid lcahrysis galbtna ........................................... 6x10' 
Endothall.. .......... Technical acid Icahrysir galbana ........................................... 2.5XIb 

*_A_.L_I ,  LIIY"LI#EI,. ........... T*h?k!  :f? p h ~ r : ? ~ ~ : ! o m  Lririrnlttnrn 
Endothall., .......... Technical acid Phaeodtclylum tricornulum 

Endothall.. .......... Amino nn Chlmacaaum cp 
Endolhall., .......... Amino an ChlMaDcwm rp 

........................................... 1.5Xtb 

........................................... 1.5Xlb 

........................................... >IX106 

........................................... 3x105 

EndoUull.. .......... Amino ran DUNfiOlb IehOl~ ........................................... >IXlO~ 
Endothall., . ._.  _. . _ _ _  Amino ran Dunalialb loholccta ........................................... 6.5XIb 

Endolhall.. .......... Amino ran lrochqdr plbana ........................................... >IXIO' 
........................................... 2.2SXIO' EndothaU., .......... Amino ran l l ah fydr  plbana 

EndolhaU.. .......... Amino ran Phasodaclylum lriwnulum ........................................... >IXlO' 
EndoUuU.. .......... Amino ran Phausodaclylum t iwnu lum ........................................... 2.5Xlb 

€ndothrll. ........... 
Endothall., , .. , .__ .  , . 
Endothall.. .......... 
Endolhall., .......... 

Tordofl' 101.. ....... 
Picofinic acid 

TMd0nm 101.. ....... 

Tordon@ 101.. ....... 
Tmdon'101.. ....... 

.......................... Craumtrea virdnica 

.......................... cnumtreariqinica 

.......................... Mncenaria mamnaria 

.......................... MmnaM rnncenuia 

.......................... Chloraocclrmsp 

.......................... Chlaacoumsp 

.......................... DunafielblmlioM 

.......................... Dunafisi lalmliW 

American q ~ t e r  
Am&n q c t m  
Hard ctam 
Hard darn 

2.mxrr 
6.IIOBXlb 
5.1MXIb 
I.tSXIV 

.................. 

.................. 

................... 

................... 

........ >2XIO' 

........ 1x10' 

........ >ZXIW 
....... 1.ZsXIW 

imam= i u i . .  ................................. #-II.&.-- .......................... ..... lXlW 
tor don^ 101.. ................................. IIcduydr plbana ..................................... I ..... 5Xlb 

TUdM' 101.. ................. ........................................... >72XIO' 
TOrdM@ 101.. ........................................... 1x10' 

* ....- 2___,._- 

.................. 

50 pmnl deuasa in Or arolution 
50 prcenl decrotsa in grmvVl 

50 parcent decreasa in Or ordution 
50 pmnl d m u s a  i n  growth 

50 percent deuuxa in 01 ~ o l ~ t i o p  
50 prcont decrasa in growth 

50 parcsnl deaeasa in Or srolutim 
50 p m n t  decrasa in growth 

50 pmnl durasa in Or ardutiun 
50 pmnl desreasa in lrowth 

50 parant deuwsa in Or orolutiop 
50 prcanl deuwxa in growth 

50 p m n l  deumsa in 0 2  srolutim 
m pucant decrarsa in growth 

50 pucenl decrsue in 0, orolution 
50 parcent dareasa in growth 

TLM 
TLM 
TLkl 
TLM 

50 patent decreaxa in 01 orolntiw 
m pmnt decreaxa in growth 

50 patent decrsue in Or omlutio~ 
50 patent decrarsa in growth 

50 patent dDsroasa in Or orolvtion 
50 pmsnt desrsau, in growth 

50 p c o n l  dmarxa in Or ordutiw 
50 patent dmeaxa in growth 



c 

Appendix 111- Ta b k  6/499 

Continued 

Tamp C Lbnity a/m Olhu Enriroamsnld Criteria Slatirtial Enhut ion Rmidua bnlr q / k t  Ulbu Plnmalut  RrlertlKa T u l  Rcmdurs 

1 20 30 pH 7 . 9 4 . 1  6MIo lux 12/12 
Muwrrd ti  ABS. (525 mu) allu 20 30 pH J.W.1 5ooo BI 12/12 

10 days 
20 30 pH 7 . 9 4 . 1  6ooo lur 12/12 .................................... Wl l l h  " 

Wl I l h  8' Murur rd  a i  ABS. (525 mu) a l l u  20 30 pH 7 . 4 6 . 1  SWO $I 12/12 .................................... 

20 30 pH J.W.l Woo IUI 12/12 .................................... Walrh " 

WII lh  " Mwrursd 11 ABS. (525 mu) iIIu 20 30 pH 7.W. I SWO IUI 12/12 .................................... 

m 30 p~ J . M . ~  6000 IUI 12/12 .................................... Walrh " 

Wi l rh  " MurWsd  1% ABS. (525 mu)illw 20 30 pH 7 . 9 4 . 1  6wo bur 12/12 .................................... 

20 30 pH 7 . 9 4 . 1  Woo Iur 12/12 ............................. Walrh " 

Wll lh " Murursd i r  ABS. (525 mu) tllrr 20 30 pH J.W.1 WOOlur 12/12 ............................. 

J 

10 d l y i  

10 day1 

10 days 

f 

1 

f 
IO diyr 

48 hr ibtir bb bimruy 24fl . ._ ....................................................................................................... Dtvil and Hidu 19693 
14 day i l ~ t i c  bb bimsay 24*1 ................................................................................................................. Davit and Hidu 1965':' 

Mwwrsd a i  ABS. (525 mu) allsf 20 30 pH 7.M.1 6000 IUI 12/12 
20 34 pH 7.W.l 6000 lux 12/12 Ukhhsld L Wikoion Method*' .................................... Walrh 1972"' 

...................... Wi l rh  " 

m a  pH 7 . 9 4 . 1  6ooo Iur 12/12 .................................... Wi l rh  I' 

Wi l rh  " MururcdtrABS.(525mu)rller 20 30 pHJ.9-1.1 6MIOlu1l2/12 .................................... 

f 
10 day1 

1 
10 days 

I 20 30 pH J.W.1 6000 IUI 12/12 
Murursd a i  ABS. (525 mu) allcr 20 a pH 7.9-6.1 6000 IUI 12/12 

pH 7.9-0.1 6000 lux 12/12 
10 days 

2 0 3 0  
Mwrursd t i  ABS. (525 mu) ikr 20 30 pH 7 . 9 4 . 1  6000 IUI 12/12 ................... Wi l rh  " 

f 
10 d i y i  

f 
Msarursd t i  ABS (525 mu) iflsr 

10 d i y i  
f 

Mururrd a i  ABS (525 mu) tllu 
IO days 

I 
Msarursd a i  ABS (525 mu) illsr 

IO days 
1 

Mururrd i s  ABS (525 mu) iller 
10 days 

J 
Mwrursd I$  ABS (525 mu) tllu 

IO days 
I 

Mururrd ai  ABS. (525 mu) illu 
IO d i p  

f 
Mururtd i r  ABS. (125 mu) a l l u  

10 drys 
/ 

Mwrursd i s  ABS. (525 mu) allw 

U hr rbtic bb bimray 
14 dr) static bb bimury 
U hr ibtir bb bimray 
12 day P C r  bb bimiay 

10 dlyc  

1 
Mrwred ti ABS. (I25 mu) allu 

10 a l y i  

10 dry1 

io a g i  

1 
M u w r s d  a i  ABS. (525 mu) in0 

1 
Mulured a i  ABS. ( 9 5  mu) rltar 

1 
Msiwrsd ti  ABS. (525 mu) du 

10 dIJl  

20 30 pH 7.9-6.1 6000 IUI 12/12 Ulchlsld L Wikoron Mslhodu' 
20 30 pH 7 . 9 4 . 1  mm IUI 12/12 

20 a pH 7 . 9 6 . 1  6000 lux 12/12 
2 0 3 0  pH 7 . 9 4 . 1  6000 IUI 12/12 

20 30 pH7.W.I WOOlui 12/12 
20 a pH J.W.1 WOO lux 12/11 

m a  pH J.M. 1 WOO lur 12/12 
2 0 3 0  pH 7 . 4 6 . 1  WOO IUI  12/12 

20 30 pH 7.9-8.1 WOO $1 12/12 
20 30 pH J.W.1 WOO IUI 12/12 

2 0 3 0  pH J.W.1 6000 IUI 12/12 
2 0 3 0  pH 7.W.l 6000 IUI 12/12 

2 0 8  pH 7.9-1.1 EO00 l u x  12/12 
2 0 3 0  pH J.W.1 60OOlur 12 /12  

2 0 3 0  pH 7.W. 1 lu 12/12 
20 30 pH J.W.l 60001ur\2/I2 

?If1 .......................................... Nons 
24fl .......................................... Nons 
24fl ......................................... Nons 
24fl ......................................... Nons 

2 0 1 0  
2 0 3 0  

2 0 3 0  
2 0 3 0  

2 0 3 0  
2 0 3 0  

2 0 3 0  
2 0 3 0  

p~ J.H.I  moo IUI 12/12 
pH J.W.1 ~ l u r 1 2 / 1 2  

pH J.W.l KO0 lux 12/12 
pH J.W.1 WOO lux 12/12 

pH J.W.l 6900 BI 12/12 
pH J.W.l bDw Iur 12/12 

pH 7.W.1 6000 IUI 12/12 
pH J.W.l KO0 lur 12/12 

.................................... Wi l rh  19J2Ys 

.................................... Wi l rh  " 

............................... 

.................................... Wt l rh  " 

............................. Walrh " 

............................. Wi l rh  " 

.................................... Wihh  " 

.................................... Wi l rh  " 

........................ Walih '' 

........................ Wl l l h  " 

.................................... Wl l l h  " 

.................. WI l l h  " 

.................................... Wl l l h  " 

.................................... Walrh " 

.................................... Wi l rh  " 

.................................... Wallh " 

.................................... Dams and Hidu 19693U 

.................................... Walrh 1 9 I P  

.................................... W l l l h  " 

.............................. 

.................................... W i h h  " 

.................................... Wi l rh  " 

.................................... Wt l rh  " 

.................................... Wt l rh  ' I  
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5QQjAppendix III-hlarine Aqualic Life and Wildlife 

TAGLZ t L  

SubNnSs Tested Formubtion Organism TntDd Common Namo Lire Sbge or Eta Conr (ppb at. ingrad.) Melhodr 01 A m m o o t  
(mm) in water 

propionic acid 
Dalapon .............. TKhniWl acid 

Dalapon .............. Technical add 
Dalapon .............. TKhnical acid 

Oabpon .............. Technical acid 
Dalapon .............. TKhnical acid 

Dalapon .............. TKhn iu l  acid 
Oabpon .............. Technical acid 

Silvex ................ Technical acid 
Silvex ................ TKhniWl acid 

Oabpon .............. Technical add 

Silvex., .............. TKhniWl acid 
Silvex ................ TLthnical acid 

Toluidine 
Trifluralin., .......... Technical acid 
Trilluralin.. .......... Technical acid 

Trilluralin.. .......... Technical acid 
Trilluralin.. .......... Technical add 

Trifluralin ........... Technical add 
Trifluralin.. .......... TKhnical add 

Triazine 
p.m&ya.. . . . .  T ichn iu l  add 
Amelqno.. .......... Technical acid 

Ametqne.. .......... Technical acid 
Amslqne.. .......... Technical acid 

Amelqno. .......... Technical acid 
Amstqne.. . . . . . . . .  TKhniWl acid 

Amelqne.. .......... Technical acid 
Amelqne.. ......... Technical acid 

Atrazino ............. Technical acid 
Atrazino.. . Technical acid 

Atrazine .............. Technical acid 
Atrazine .............. Technical acid 

Alrazina.. ............ Technical acid 
Atrazine.. ............ Tethniu l  acid 

Atrazine .............. TKhniwl  acid 
Atrazine .............. TKhnical acid 

Ramelone.. ......... Technical acid 
prOMlton0.. ......... TKhniWl  acid 

Romelono.. ......... TKhnlcal tCl0 
Romstooo.. ......... TKhniWl acid 

Rometono.. ......... Technical acid 
Rometono.. ......... Technical add 

............. 

Chlorm%um rp 
C h l m m m  rp 

Ounalielb tertiolDcta 
Ounalielb tetiiolecta 

IsahryUX galbana 
IStKhqUS galbana 

Phaeadaclylum lricomulum 
Phaeodaclylum l r iwnu tum 

Chloraarum rp 
Chlorwxcum rp 

Ounalielb tertiolma 
Ounalielb IUtiOlrCb 

l s a h q d r  gilbaM 
Irothqsirgalbana 

Cnws t rea  rirginica .......... .r___:__ 
*,.U"I"S. "',"".. 

Chlorcuacum cp 
Chloraarum rp 

Ounalielb tertiolacb 
Ounalielb lertiolecb 

I r e h q s i s  galblna 
l s a h q r i r  galbana 

Phaeodaclylum tritornulum 
Phaeodactylum tricvnutum 

Chloraoaum so. 
Chlororoaum rp. 

Ounalislb lsrtiolecta 
Ounaliella lertiolscla 

I r a h q d s  galbana 
I c a h q d r  galbana 

Pbeodiclyium lricornulum 
Phaeodaclylum tricarnutum 

Chloracuum rp 
Ch lo ramum rp 

OUPfiSlb lerti0bC'J 
OUNlielb IlldOlecta 

I r a l l r p i S  1albana 
lsochqur Ialbana 

Phaeodaclylum lriwrnulum 
Phaeodaclylum lricarnutltm 

C h l m a m u m  rp 
Chloraarum rp 

uumi ie i i i  ier iokcia 
Ounafiella tertiolecta 

l s a h q d s  galbana 
lsahrydr ialbana 

........ ....................... 2.5XlP 

........ ........................ 5XtP 

........................................... 2.5XtP 

........................................... 1.XlO' 

........................................... 4XlP 

........................................... 2XlP 

........................................... 2.5XlB 

........................................... 2.5XlP 

........................................... 2.5XIO' 

.................... ....... 2.5XtP 

....... ......................... 1x10' 

........................................... 2.5XtP 

........................................... 2.5XIO' 

........................................... 5x10' 

American q r t u  Epn 5.9x10' 
'-mrt ?!? .--./-. ...I.. .,..-. 

............................ 

........................................... 5x10' 

........................................... 4x10' 
.................................. 2.5xt0' 

.......................................... >5X10' 

........................................... 2.5XlO' 

........................................... m 

........................................... IO 

........................................... UI 

........................................... (0 

........................................... IO 

........................................... 10 

.................. 

.................. ............ 100 

........................................... to 

................. UIO 

................. UIO 

................................. 
........................................... 100 

........................................... 100 

........................................... m 

........................................... 400 

........................................... 500 

..,.m ........................................... &_I"- 

........................................... 1.5XlV 

........................................... 1x10' 

........................................... IXIP 

50 percent deueaa  in Or evolutim 
50 percent deueae  in growth 

50 Ercent decreasa in 01 ovolutim 
50 pmnt d e u w a  in uoalb 

50 percent deueaa  i n  Or evolutim 
50 percent deuoaa in  iroalb 

50 parcent decrease in Or evolution 
50 percent deueaa i n  growth 

50 percent deueasa i n  0: evdution 
50 pmcent deuease i n  growth 

50 prcent deueaa in 01 svolution 
50 percent d m w a  i n  growlh 

50 percent d K I U W  in 01 evolution 
50 percent dacreaa in growlh 

TLM 
TLM 

50 percent decrease in 01 svolution 
50 percent deueaa i n  groalb 

50 percent decrease i n  Or evolution 
50 percent decrease i n  growth 

50 percent dKIWS8 i n  01 evolution 
50 percent decreaa in growlh 

50 pencnl decrease in  Or evolution 
50 Dercenl deueaa i n  grmrth 

50 prcent deueaa i n  Or avolution 
50 percent deueaa  in growth 

50 percent in  01 erolution 
50 percent decrease in  grwh 

50 percent decrease i n  0: svolution 
50 percent decrease i n  grm 

50 percent dKreaa  i n  Or svolution 
50 percent d K r w a  i n  growlh 

50 pmnl d K r W U  i n  0: a V O f ~ M  
50 percent decreaa in growlh 

50 pcmnl decrease in 01 evolution 
50 prcent deaease i n  growth 

50 p m n l  dKruS8 in Or ewlution 
50 prcent deuean in g r w t h  

50 percent decrease i n  Or evelutioa 
50 prcent deumse in  grawlh 

50 prcent decrease in  01 evolution 
50 prcent d e c r u s  in growlh 

m .._. 4 .L...... il n. .mln6m 

50 pzrcent deueaa in groalb 

50 prcen ldeueaa  i n  01 evolution 
50 psrcent deuwse in growth 

-~-...~--- .............. 
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'I 

I 

I n  

1 

I 
I 
1 
u 
I- 
I 
I 

Continued 

1st Rmdure  l a m p  C Sahib o/oo wlu Enrirmmental Criteria Sbtistiol Enluation Residue kwls mi/ki  0 t h ~  Panmetas Rdaenss 

f 
Measured i s  ABS. (525 mu) i l ler  
IO days 

f 
Measured i s  ABS. (525 mu) after 

IO days 
f 

f 

Measured i s  ABS. (525 mu) alter 
10 days 

Measured as ABS. (525 mu) alter 
IO days 

f 
Measured as ABS. (525 mu)illcr 
IO drys 

f 
Measured as ABS. (525 mu) iller 

10 days 
/ 

MMNI rd  as ABS. (525 mu) iller 

I S  hr static lab bioassay 
I4  day static tab bioassay 

IO days 

f 
Measured as ABS (525 mu) alter 
IO days 

f 
Measured as ABS (525 mu) alter 
IO days 

f 
Measured as ABS (525 mu) alter 
IO days 

f 
Measured as ABS (525 mu) afler 

10 days 

f 
Measured as ABS (525 mu) i l ler  

IO days 
f 

Measured as ABS (525 mu) afler ... >.. 
I" u q .  

J 
Measured as ABS (525 mu) iller 

10 day$ 
f 

Measured as ABS (525 mu) aner 
10 days 

f 
Measured i s  ABS (525 mu) ilter 
IO days 

f 
Mrsured as ABS (525 mu) i l ler  
IO days 

f 

f 

Measured a i  u s  (525 mu)after 
IO days 

Masured as ABS (525 mu) iner 
IO days 

f 
Meisured i s  ABS. (525 mu) illu 

IO Lys 
f 

f 

Msiwrcd i s  ABS. (525 mu) incr 
10 days 

Measured i s  ABS. (525 mu) ilta 
10 days 

20 30 
2 0 3 0  

2 0 3 0  
2 0 3 0  

2 0 3 0  
2 0 3 0  

2 0 3 0  
2 0 3 0  

20 30 
2 0 3 0  

20 30 
20 30 

20 30 
20 30 

24fl . . . . .  
24fl ..... 

20 30 
20 30 

2 0 3 0  
20 30 

20 30 
M 30 

20 30 
20 30 

20 30 
20 30 

20 30 
20 30 

2 0 3 0  
20 30 

20 30 
20 30 

2 0 3 0  
20 30 

M 30 
20 30 

20 30 
20 30 

2 0 3 0  
2 0 3 0  

m a  
2 0 3 0  

2 0 3 0  
2 0 3 0  

2 0 3 0  
2 0 3 0  

pH 7.W.1 6000 Ius 12/12 
pH 7.94.1 WOO lux 12/12 

pH 7.9-8.1 6000 lux 12/12 
pn 7.94. I 6wo IUI 12/12 

pH 7.W.1 WOO lux 11/12 
pH 1.9-8.1 WOO lux 12/12 

pH 7.96.1 boo0 lux 12/12 
pH 7.W.1 WOO lux 12/12 

pH l.W.1 WOO lux 12/12 
pH 1.9-8.1 WOO lux 12/12 

pH 7.9-8.1 WOO l u x  12/12 
pH 7.94.1 WOO lux 12/12 

pH 7.94.1 WOO lux 12/12 
pH 7.CS.1 WOO lux 12/12 

.................................... 
.................................... 

pH 7.84.1 WOO lux 12/12 
pH 7.54.1 WOO lux 12/12 

pH 7 . 9 4 1  WOO IUI 12/12 
pH 1.9-8.1 6000 lux 12/12 

pH 7 . 3 4 . 1  WOO lux 12/12 
pH 7.3-3.1 6wO lux 12/12 

pH 7.96.1 6000 IUI 12/12 
pHl.W.16wOlux12/12 

pH 7.9-8.1 W00lux 12/12 
pH 7.96.1 WOO lux 12/12 

pH7.W.l WOOlux12/12 
pH 7.94.1 WOO lux 12/12 

pH 7.96.1 WOO lux 12/12 
pH 7.94.1 WOO lux 12/12 

pH7.94.1WOOlux12/12 
pH 7.94.1 WOO lux 12/12 

pH 7.W.I WOO lux 12/12 
pH7.W.I W001ux12/12 

pH 7.96.1 WOO lux 12/12 
pH7.W.I 6000 lux12/12 

pH 7.W.I WOO lux 12/12 
pH7.W.1 WOOlurl2/12 

pH 1.94.1 6000 lux 12/12 
pH 1.94. I 6oMI lux 12/12 

pH1.W.I 6wOlux12/12 
pH 1.86.1 bYJ0 BI 12/12 

pHl.W.l6WOlur12/12 
pH7.W.l 60001ux12/12 

pH 7.94.1 bo00 lux 12/12 
pH1.W.I boOOluxl2/l2 

None 
None 

titchleld L Wikoxon Melhod*7 

.................................... Walrh I' 

.................................... Walsh " 

.................................... Wilrh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Wilsh " 

.................................... Walsh " 

.................................... Oaris ind Hidu 19692' 

.................................... Daris and Hidu 1969n4 

.................................... Walsh 1972'" 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh ' I  

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh I' 

.................................... Wilsh " 

.................................... Wilsh " 

................................... Wilsh " 

.................................... Walsh ' I  

.................................... Walsh " 

Wilsh 1 9 7 P  .................................... 
.................................... Wilsh " 

.................................... Wilsh " 

.................................... Wilsh " 

.................................... Wilsh " 

.................................... Walsh " 

.................................... Wilsh '' 

.................................... Walsh " 

.................................... Wilsh " 

.................................... Walsh " 

.................................... Wilrh ' 

.................................... Walsh " 
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TABLE 6- 

Subrbma Tostad Formulation Orpnirm Terted Common N a m  tilo Sbpo m S i n  C a r  (ppb al. ingrad) Methods 01 Iluoumanl 
(mm) in mtcr 

Promatono.. ......... Technical add Phaeodaclylum triuunutum 
Prometono.. ......... Tahnical add Phawdaclylum tricornutum 

Simrino.. ........... Tahnical add ChlorocDaum rp 
Sinnuno ............. Technical add Chbnoroaum rp 

Simzins.. ........... Tothnical add Dumlielb tcctiolala 
Simazine.. ........... Technical add Oumliclb tcrtio!&~ 

Simazino.. ........... Technical add lrorhryrir @aM 

Simazino.. ........... Tahnical add lWChqSiS PlbaM 

Simazino ............. Tahnical add Phaaodaglum tricornutum 
Simzino.. ........... Tahnical add Phaeodrclylum triuunutum 

........................................... 100 

........................................... 250 

........................................... 1.5XI01 

........................................... 2x101 

........................................... 4x101 

........................................... 5x10' 

. . . . . . . . . . . . . . . . . . . . . _ . _ . _ . . . . . . . . . . . . . . . . . b o o  

.................... 

50 pJtcent decrease in  Or ardution 
50 percent decrease in growth 

50 percDnt decrease in  Or erolulim 
50 parcent decrmto in groalh 

50 percent decrease in 01 orolutim 
50 p r w n t  darease i n  growth 

50 p m n t  darease in 01 orolutim 
50 pmnl decrease In grmM 

50 perrant decreare in  01 erolutim 
50 percent darease in growth 

Herbicidn Subslitutnd mea compounds 
Diuron. ........................ ROtUCDOUL 
Diuron.. ........ ChlMtlb rp 
Diuron ............... Techni Dicnteria inmala 

................... 

Nanahlafir sp 
Chltraarum rp 
Chlororotrum rp 

Diuron ............... Technical acid Chlorocarum rp 
... Technical acid Chloraarum rp 

OuMlialla tarliolab 
Diuron.., ............ Tcchnical add DUMl!alb Iartiolec(a 

Diur on... ...................................... DumGelb euchlora 

Diuron ............... Technical add lsochqsit paibna 
Diuron ............... Technical acid l r a h q u r  yhrm 
Diuron.. ............. Technical Monahqsis luthafi 

Diuron ............... Tahnical DUMGelb tatiolecla 

Diuron ............... Technical IIDChrlUS pllbaM 

Diuron ......................................... Monahqdt lutheri 

Oiur on... ............. . Phaeodactylum tricmutum 
Diuron. ............... , Phaeodactylum lricornutum 
Diuron ............... Tahniul  add Phaaodactylum tricornutum 

Phaeodactylum tricmnutum 
........................... Pr0taoaus sp 

Fonuron .............. Technical add ChlMaatUm t p  
Fonuron .............. Technical add Chloraarum rp 
Fonuron .............. Technical add ChlMKDseUm rp 
Fenuron.. ............ Tachnical add D U M G E ~  latiolala 
Fonuron .............. Tahmcal add DUMlielb lefliolectS 
Fonuron.. ...................................... DuMliolb a u c h h  
Fenuron .............. Technical add lrorhqsir (albam 
Fenuron .............. Technical add t rahqur  lalbam 

Fonuron ........................................ Monahqus l u W i  
Fonuron. ....................................... Phrrodrdytum tr iwnubm 

Phaaodaglum lricwnubm 

Fanuron.. ...................................... MOnKhWdt IUthOn 

Fonuron. ............. Tahnical add Phaaodaclylum tricornutum 

.......................... Protaarusrp 

.......................... P r o t a ~ s r p  _ _  Chloalla rp 
ChloDunum rp 

Monuron ............. Tahmcal J d  Chbroroaum rp 
l o n u r w  ............. Tahnical aicd ChlMaOCCU~ rp 
Monurcn ............. Technital add DUMLklb tatidala 
Monuron ............. Tahnical r d d  DumGelb kffdala 
Monuron ....................................... Dumlitlla ouchlofa 
Monuron ....................................... DunaliaL anrblora 
Monuron ............. Tahnicd a i d  IIDChqdS ymam 
Monurw ............. Tahnical ccid I*dr pmam 

.............. .............. Monachmisluthui Monuron 

Monmon ............. Tahmsal a-id Plnao-dacqlum trimulnn 
Monuron.. ..................................... Phaaodactylum bimubn 
Monm on... .................................... Phaaodactylum bimnbn 

.. rnL.lUu.2 ............. I.HII-IU. ;iu&irbrn b b n m b m  ._____ 

............ 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

................. 0.02 

................. 4.00 

................. 

................. 

................. 10 
K 

................. m 

................. IO 

................. 

................. 0.4 
K 

................. 10 

................. 10 
s 

................. 0.02 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

................. 

0.4 
4.0 
IO. 
IO. 
2.900 
290 
1.900 
1,000 
150 
1.m 
1.m 
1.500 
290 
1.250 
150 
m 
2.W 
m 
I50 
1. 
m 
1. 
100 
100 
I00 
90 
I50 
t 
m 
1W 

1 
90 
100 
1 
m 

tm 

im 

.11 OPT. DEN. expl/DPT DEN mkd 

.U OPT DEN. oxpt/OPT DEN mbd 
32.3 percent (CH,O)X 
10.0 d a m r e  (CH*O)r 
61 percent inhibition 01 growth 
65.6 inhibition (CHlO) 
50 perwnt reduction Or erolutionf 
50 percent reduction in nmrth 
50 p r w n l  reduction 01 erolutionf 
50 perwnt raduction in irowth 
11.9 pmntdarease (CHrON 
.U OPT. DEN. arpl/OPT. DEN mbol 
11.4 perwnt decteaa (CHrO): 
50 pertant faduction 01 erolutionf 
50 perwnl reduction in growth 
15.1 parwntdecreare (CHrO) 
.OO optical density oxpl/optical density 

.I9 OPT. DEN erpt/DPT DEN catrol 

.OO OPT. DEN srpt/OPT DEN m n M  
50 percent reduction 01 erolutionf 
50 percsnt reduction in  aoath 
.33 OpL Den. ExptIOpt. Den Conbd 
.a2 Opt. Dan. Erpt/Opt Den. Conbd 
.OO 0 6  Den. Expl/DOL Dan. ConbolA 
68 parwnt inhibition 01 growih 
50 percent decreato in prourth 
50 pertant dmeare in O r  erolution 
50 pemnt dccrsase in 01 orolution 
50 percent decrease in  grmM 
.46 O ~ L   en. ~ x p t / O p t  Den Control 
50 percent decrease 01 erolution 
50 perwnt decrease growth 
.61 Opt. Den Erpt/Opt Dan CMbd 
.W Opt. Dan Erpt/DpL Don Contol 
.S2 O p t  Om. Expl/Opt Den. Control 
50 percent decrease Or evolution 
50 percent decrease growth 
.¶I DO erpt/OO control 
.OO OD expt/OO control* 
.lO OD ergt/OO conbol 
54 p m n t  inhibition d grmrlb 
50 percon1 decreato 0 5  arolutiw 
50 pertant dmmse in grmrlb 
50 p m n t  decreato Or orDhmon 
50 percon1 darease g r d  
1.00 OD axptlDD w n b d  
.00 OD arpt/DD conbd* 
50 percont decrease Or evolution 
50 pmcent decrease in grmM 

50 p m n t  decrease Or 0roNOw 
50 pmnl decreao in omM 
.65 OD expl/DD conbd 
.W OD axpl/DD control 

control 

.Dl DO erpl/oo mbol 
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Tart Roadure Trap C P6nit) O/O Othn Earironmcnbl Crilsria Sbtidral Evaluation Rcddus brth mg/lu Other Paramdm RdMRW 

f 
Musurcd as ABS. (525 mu) ancr 

10 days 
f 

f 

/ 

/ 

Musurcd 11 ABS. (525 mu) a l l n  
IO days 

Mwsurcd as I P S .  (525 mu) inn 
10 days 

Msasured IS APS. (525 mu) alter 
10 days 

Mwsurcd as IPS.  (525 mu) alter 
10 drys 

10 day growth lest 
10 day growth lest 
10 da! powth lest 
IO day lrowth lest 
10 day growth lest 
IO day growth Isst 
10 day growth test 
IO day growth lest 
10 day growth test 
10 day growth Isst 
10 day growth lei1 
10 day growth test 
10 day gr3wlh Icrt 
Ib  day growth tcst 
IO day growth test 
10 day growlh lest 
10 day growth lest 

10 day crowlh test 
10 day Irowlh 1ss1 
10 day powlh tsst 

10 day growlh lest 
10 day growth test 
IO day growth lest 
10 day growth lest 
10 day growth lesl 

10 day growth lest 

/ 
f 

IO day growlh le11 
10 day growth lest 

10 day powlh lest 
IO day growth test 
IO day growth lest 
10 day growth lost 

i 

/ 
10 day growth test 
10 day grovth lest 
10 day Irowth 1ss1 
10 day powth Itst 
10 day growth bsl 

/ 
IO day powth lsst 

/ 
10 day vowlh Isst 
10 day powth bit 
ID b y  grovlh test 

1 
10 d ~ y  pow?h terl 
10 dry grmth last 

10 day growlh tssl 
10 da). vovlh lest 
10 d I y  growth Isst 

f 

2 0 3 0  
2 0 3 0  

2 0 3 0  
20 30 

20 10 
2 0 3 0  

2 0 3 0  
2 0 3 0  

2 0 3 0  
2 0 3 0  

2 0 1 . 5  ... 
20ic .5 .... 
2 0 3 0  
20 30 
20 30 
20 30 
20 30 
20 30 
20 30 
20 30 
20 30 
2 0 1 . 5  . . . .  
20 30 
20 30 
20 30 
20 30 
2 0 1 . 5  . . .  

pH 7.9-8.1 6000 lux 12/12 
pH 7.9-8.1 6000 Ius 12/12 

pH 7.9d.1 6000 lux12/12 
pH 7.9-8.1 6WO lux 12/12 

pH7.94.160M)lus12/12 
pH 7.9-8.1 WOO Ius 12/12 

pH7.94.1SWOlux12/12 
~ H ~ . ~ - ~ . ~ ~ o o I U S I Z / I ~  

pH 7.9-8.1 MOO lux 12/12 
pHl.94.1SWOlus12/12 

...... 

...... 

pH 7.9-8.1 WOO Ius 12/12 
pH 7.3-8.1 6000 lux 12/12 
pH 7.3-8.1 6000 lux 12/12 
pH 7.9-8.1 6000 lux 12/12 
pH 7.9-8.1 6000 lux 12/12 
pH 7.9-8.1 6000 lux 12/12 
pH 7.9-8.1 WOO lux 12/12 
pH 7.3-8.1 WOO lux 12/12 
pH 1 . 9 4 . 1  6000 lux 12/12 

pH 7.9-8.1 6WO lux 12/12 
pH 7.3-8.1 6000 lux 12/12 
pH 7.9-8.1 6000 lux 12/12 
pH 7.9-8.1 WOO lux 12/12 

............................. 

m+. 5 .......... 
Mf . 5  .......... 
20 30 
M U 1  
2 0 . 5 1 1  .......... 
20.511 .......... 
20.5*1 .......... 
20 30 
2 0 3 0  
20 30 
20 30 
20 30 

20 30 
2 0 3 0  

20.5fl .......... 
20.5fl M 
20 30 
20 30 
2 0 . 5 1 1  .......... 
20.5*1 .......... 
20.5&1 .......... 
20 30 
2 0 3 0  
LO 30 
2 0 3 0  
2 0 3 0  
20.5&1 .......... 
20,5321 .......... 
2 0 3 0  
2 0 3 0  

2 0 3 0  
2 0 3 0  
m.5M .......... 
20.5fl .......... 

m s k i  .......... 

2 0 . 5 1 1  .......... 

m . 5 ~  .......... 

.................................... Walsh " 

.................................... Walsh I' 

........... ....... Wahh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walrh " 

.................................... Walsh " 

.................................... Wilsh " 

.................................... Walsh " 

Nons 
Nons 
Significant at 0.05 level 
Significant 110.05 levcl 
Nons 
Significant a1 0.05 level 
Litrhfield a Wikoxon msthod'; 

Significant a1 0.05 level 
None 
Nons 
Significant 110.05 Isvel 
Lilchlield 6 Wibxon  melhodul 

Significant a1 0.05 level 

pH 7.3-8.1 6000 Ius 12/12 
VH 1.9-a. I ma IUX 12/12 
500 1l.c continuous 
500 1L.c continuous 
500 1t.c continuous 

pH 7.3-8.1 6000 lux 12/12 
pH 1.9-8.1 
DH 7.3-8.1 
pH 1.9-8.1 6000 lux 12/12 
500 1L.c continuous 
pH 1.9-8.1 
pH 7.9-8.1 WOO Ius 12/12 
Y)O It-( continuous 
500 1L.c continuous 
500 1I .s  continuous 
pH 7 . 9 4 . 1  6000 lux 12/12 
pH 7 . 9 4 . 1  6ow Ius 12/12 
500 1L.c continuous 
500 1L.c continuous 
500 1L.c continuous 
pH 7.9-8.1 Mylo lux 12/12 
pH=7.9-8.1 
p H = I . H . I  bM)Olu~12 /12  
p H = l . M . I  
pH=7.9-8.l W l u X  12/12 
YM 1L.c continuous 
SW) 1t.c continuous 
p H = 7 . W . 1  
p H = I . M . I  boo0 IuX 12/12 
5W It+ continuous 
pH=7.9-8.1 
p H = 7 . W . I  60WlUX12/12 

pH 7.9-8.1 6000 PIX 12/12 

5W Its continuous 
500 IL-c continuous 

None 
None 
Lilrhfield and Wikoson melhodnl 

None 
None 
None 
Ncns 
Litchfield a Wilcoxon methodu: 

Nons 
None 
None 
None 
L i kUe ld  W i b x o n  mslhod*7 

None 
Nons 
Nons 
None 
Litrhllsld 6 Wikoxon Mrthodar 

None 
Likhllsld 6 Wilcoron Msthodul 

Nons 
LiWfisld 6 Wilroron Mdhodn7 

Nons 
Nons 

.................................... Ukrlrs 196234' 

.................................... Uksles 1962u' 

.................................... Walsh and Grow 1971"9 

.................................... Walrh and Grow 1 9 7 W  

................................... Wllsh and Grow 19713e 

.................................... Walsh and Grow 1911349 

.................................... Walsh 1 9 1 2 ~ ~  

.................................... Walrh " 

.................................... Walsh " 

.................................... Walsh " 

................................... Walsh and Grow I 9 W  

.................................... Uksles"' 

.................................... Walsh and GIOW l 9 7 W  

.................................... Walsh 1972"' 

..................................... Walsh " 

.................................... Uksles 1962"' 

.................................... Ukshr 196234' 

.................................... Ukrles 1962387 

.................................... Walsh 19723'8 

.................................... Walrh " 

.................................... Ukslss 19621*' 

..................................... Ukeles 1962u' 

.................................... Ukrles 1 9 6 2 ~ 7  

.................................... Walsh and Grow 1 9 7 W  

.................................... Walsh 1972"' 

.................................... Walsh '. 
........................... Walsh " 

.................................... Walsh 1972"6 

.................................... Ukrles 1962"' 

................................... Walsh l972U8 

.................................... Walsh " 

.................................... Ukeks1t62U7 

.................................... Ukslss 196234' 

.................................... Ukrlss 1962"' 

.................................... Walsh 19723'8 

.................................... Walsh " 

.................................... Ukslss 1962"' 

.................................... Ukslss l962u' 

.................................... Ukslss 1 9 6 F  

.................................... Walsh and Grow 197Iu' 

.................................... Walsh 1 9 7 ~  

.................................... Walsh " 

.................................... Wllsh " 

.................................... Walsh " 

.................................... Ukslss 1962"' 

.................................... Walsh 1972"' 

.................................... Walsh " 

....................... Wi lsh " 

.................................... Ukslss 1962"' 

.................................... Walsh 1972"' 

.................................... Wi l t h  " 

.................................... Uksbs 1962" 

.................................... Ukslss 1962"' 

.............................. Walsh and Grow 1971u9 



Substance Tested Formulation Organism Tested Common Name Lile flaga or f ir0 Conc (mb atl inaed.) Methods ol Astarmeat 
(mm) in water 

Neburon ....................................... 
Neburon.. ..................................... 
Neburon.. ........... Technical add 
Neburon. ............ Technical acid 
Neburon, ............ Technical acid 
Neburon. ............ Technical acid 
Neburon. ............ Technical acid 
Neburon.. ..................................... 
Neburon.. ........... Technical acid 
Neburon. ............ Technical acid 
Neburon. ...................................... 
Neburon ...................................... 
Neburon. ............ Technical acid 
Neburon.. ........... Technical acid 

Bactericides. Fungicides 
Nematocides. and mi% 
Aroclor ............... 1254 

Protococtus sp 
Chlorella sp 
Chlorocaccum sp 
Chlorocaccum sp. 

Dunaliella t c r t i o l ~ l a  
Punaliella tertiolecla 
Dunatielb euchlora 
ISOChqds galb lM 
lsochqsis galbana 
Monothqsis luthcri 
Phaeodactylum tricoinutum 
Phaeodactylum tricornutum 
Phaeodactylum tricornutum 

Chlorocoaum SQ. 

Tetrahymena pyrilormis 

Aroclor ............... 1254 Pcnaeus duorarum 

Aroclor ............... I 254  Penaeus duorarum 

Leiostomus unthurus .__. .___.__ 
"3YII"I ............... l lJ4  

Aroclor ............... 1254 lagodon rhomboides 

Chloramphenicol. ............................... Mercenaria mercenaria 
Chloramphenicol. ............................... Mercenaria mercenaria 
Delrad.. ....................................... Mercenaria mercenaria 
Oelrad.. ....................................... Crassostrea rirginica 

Dowacide A . .  ........ 91 percent Chlorella SQ. 

Oowacide A.. ........ 91 percent Dunaliella euchlora 
Oowacide A,. . . . . . . .  91 percent Phaeodactylum tricornutum 
Oowacide A , .  ........ 91 percent Monochrysis Iuthcri 
Dowacide A . .  ........ 91 percent Mcrcenaria mercenaria 
Oowacide A , .  ........ 97 percent Mercenaria mercenaria 
Oowacide G.. ................................. Mercenaria mercenaria 
Dowacide G.. ................................. Merccnaria mercenaria 
Giseoiuivin.. .................................. Mercenaria mercenaria 
Giseolulvin.. .................................. Mercenaria mcrcenaria 
Lignasan ............ 6.25 percent Protocortus SQ. 

Lignasan.. ........... 6.25 percent Chlorella sp. 
Lignasan.. .......... 6.25 percent Ounaliella euchlora 
Lignasan.. ........... 6.25 percent Phaeodactylum tricornutum 
Lignasan.. ........... 6.25 percent Monwhrysis lutheri 
Nabam ...................................... Protocortus sp. 
Nabam ...................................... Chlorella sp. 
Nabam ....................................... Dunaliella euchlora 
Nabam ...................................... Phaeodactylum tricornutum 
Nabam ......................................... Monochqsis lutheri 
Nabam ........................................ Mercenaria merwnaria 
Nabam. ........................................ Mcrcenaria mercenaria 
Nabam ........................................ Crassostrea rirginica 
Nemagoi? .................................... Merccnaria merwnaria 
Nemagon%.. ................................... MercCNria mercenaria 
Nitrolurarone. .................................. Mercenaria mercenaria 
Nitrofurazone.. ................................. Mercenaria mercenaria 
Omazene .................................... Mercenaria mercenarii 
Omazene.. ..................................... Mercenaria mercenaria 
Omazene ....................................... Cnssostru virginica 
Omazene ....................................... Crassostrea rirdnica 
Nitrilotriacetic acid.. .. Monohydrated sodium salt Cyclotella MN 
Hilrilotriacetic acid.. .. Monohydnted sodium salt Tisbe furcala 
Nitrilotriacetic acid.. .. Monohydrated sodium sal1 Acartia clausi 
Nilrilotriamtic acid Monnh!hbl n?iam s!!! ?!:!!cy:: i?;c?+:: 
Nitrilotriacetic acid.. .. Monohydrated sodium salt Pwudodiaptimus coromtus 
Nilritolriacetic acid.. .. Monohydrated sodium salt Euqtemora aninis 

Nitrilotriacetic acid.. .. Monohydrated sodium on Nereis virens 

Dowacide A. .  ........ 91 percent PIOlCOCCUS SQ 

Nitrilotriacetic arid.. .. Monohydrated sodium salt ......................... 

.......................... 

.......................... 

.......................... 

......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

.......................... 

......................... 

.......................... 

................. 40 

................. 40 

................. 30 

................. m 

................. 30 

................. 20 

................. 40 

................. 40 

................. 20 

................. 30 

................. 40 

................. 40 

................. 40 

................. 30 

Lq.phare IO 

Pink Shrimp 25-38 0.94 

Pink shrimp 95-125 3.5 

S Q O t  24 5 

Pinfish 30 5 

Hard clam E u  1.429XtO' 
Hard clam larvae 5.X104 
Hard clam larvae 12 
American oyster larvae 31 
........................................... 2.5XIO' 
.......................................... 5x104 
.......................................... 5x104 
.......................................... 2.5XILT 
........................................... 2.5x101 
Hard clam Eggs 1x10~ 
Hard clam Larvas 150 
Hard clam Egis < 250 
Hard clam l a m e  < zy1 

Hard clam E n  < ZM 
Hard clam larvae <I. x 10' 

6 
6 

........................................... 6 

.......................................... 0.6 

........................................... 6 

........................................... lXlP 

........................................... 1x10' 

........................................... 100 

.......................................... 1XIP 

........................................... 100 
Hard clam EU < 500 
Hard clam larvae 1.15XlP 
American qrtu E U  <so0 
Hard clam Ea IXl@ 
Hard clam larvae 780 
Hard clam Ea >1x105 
Hard clam Larvas >IXlO~ 
Hard clam E a  81 
Hard clam lame 378 
American oyster Epl 18 
American qrler  lame 340 
............................................ 5XIP 
........................................... 2.lXlOI 
........................................... I.UXI0' 
........................................... 3.2XID. 

........................................... 1.25XIV 

Sand worm Adon 5.5XIOa 

........................................... ixioa 

.Crab zoea ................. 1.65xtOs 

. I I  OD erpt/DD control 

.31 OD erpt/OO control 
68 perwnl inhibition in grmrlh 
50 F-rcant Gmeare 0. eiolsIim 
50 perwnt d e u u w  g~owlh 
50 percent dareare 01 evolution 
50 perwnt decrure aow!h 
.41 OD srpt/DD control 
50 percent darusn 0% evolution 
M percent dec ruw growth 
.OO OD erp/OD control 
.IO OD erpt/OO control 
50 percent deueala 01 avolution 
50 percent deuuw growth 

13.30 percent deueaw i n  population rim 

51 perm! moctlity 

50 percent mortality 

50 Percent mortality 

50 percenl mortality 

TLM 
TLM 
TLM 
TLM 
.15 0 D erptl0 D control 
.I4 0.0. erpt/O.D. control 
.52 0.0. erpt1O.D. conllol 

measure at 540 mp 

.48 0.0. elQt/O.D. COnUOl 
.22 0.0. SXQtio.0. COllVOl 
TLM 
TLM 
TLM 
T I M  

TLM 
TLM 
.OO 0.0. erpt/0.0. control 
.@I 0.0. sxpt/O.D. control 
.31 0.0. expt/O.D. control 

.OO 0.0. erpt/O.D. control 

.53 0.0. crpt/0.0. control 

.hlO.D. erpti0.D. control 
21  0.0. expt/D.D. control 
.Wi O.D.eipt/O.D.contro~* 
.46 0.0. exptJO.0. control 
TLM 
TLM 
TLM 
T L M  
TLM 
TLM 
TLM 
T L M  
TLM 
TLM 
TLM 
38 pamnt growth as compared 0 UMW& 
11-50 
11-50 
11-50 
11.50 
lL.50 
11-50 
11.50 

.55 0.0. aXQt/O.D. Control 

No growth but organisms n a b k  



. 

Continued 

Test Prmdurs Tsmp C Qlinily O/W Other Environmentdl Critsria strtistiol Evaluation Resdue kvcls mgfkg Other Panmeters R L le r encr 

10 day growth lcsl 
10 dry growth tsst 
10 day growth lcsl 

/ 
10 day growlh t s s l  

f 
10 day growth 0 x 1  
10 day growlh lest 

. / 
10 day growth trst 
10 day growth lssl 
10 day growth l i s1  

f 
10 day growth t i s1  

m s ~ t i  

m 
m 
m s ~ t i  

m . 5 r t i  
m s f i  
m 

20.5f l  
20 

20 

20 

20 
20 

20 

.......... 5001t-c continuous 

.......... 500 IL-c continuous 
M p H = l . W . l  WOO IUI 12/12 
30 p H = 7 . W . l  
10 p H = l . W . l  WOO lux 12/12 
M p H = 7 . W . l  
30 p H = l . W . l  WOUtur 12/12 
.......... 500 11-c continuous 
30 p H = l . W . l  
30 p H = l . W . I  WOO IuI 12/12d 
.......... 500 1l.c continuous 
.......... 500 I1.s continuous 
30 p H = 7 . W . l  
30 p l i = l . W . l  WOO IUI 11/12 

None 
None 
None 
Lilchfield 6 Wiboion method=? 

None 
Lilchficld 6 Wilcoion method=' 

None 
None 
Ulchfirld 6 WilcoIon Msthodn7 
None 

96 h i  static lab bioassay 26 0 Grown i n  Tetrrhymera broth Dwwss mgnifionl at 0.05 lsvel 

15 day chronic slposure in  flowing sw- 29 

35 day chronic exposure i n  flowing sea . 20 

18 day chronic sxposure in  flowing sea . 11-18 

12 day chronic sxposurs in  flowing sa . 1C22 

4 hr static lab bioassay 2 4 5 1  
12 day static lab bioassay 2 4 f l  

24*1 
14 dry static lab bioassay 24fl 
10 day growth test 20.5*1 
10 day growth t s s l  20.5f.l 
1 0  day growlh test 2 0 . 5 1 1  

wrler 

water . 
water 

water 

12 day stalic lab bloassay 

10 day powth tcst ms*i 
10 dry growlh Ics! m.Qi 
4 h i  static lab biassay 
12 day static lab bioassay 
48 hr Nbc lab bioassay 
12 day &tic lab bioassay 
48 hr s ta t  lab bioassay 
14 dry slalic lab biwrsay 

2 4 r t l  
2 4 1 1  
2 4 5 1  
2 4 5 ~ 1  
24ft  
24&l 

10 day frowth test m s f i  
10 day growth test m s f i  
10 day growlh test m s * i  
i 0  ria) gifi&b iiii 
10 day growth tesl m s f i  
10 day growth lest M . t f l  

10 day growth test 20.5fl 

m 1 . 4  11.. =. 

I O  day growth lest 2 0 . 5 3 ~ 1  

10 day growth tist m . w  
10 day growth test 20.5f1  
48 hr static lab bioassay 24*1 
12 dry Nlic tab bioassay 24fl 
48 hi Ntic lab bioassay 24&1 
4 hr staticlab bioassay 24;tl 
12 dry Ntic lab bioassay 2 4 f l  
4 hr Ntic lab bioassay 24*1 
12 day Nlic lab bioassay 2 4 f l  
48 hr static lab bioassay 24+1 
12 day static tab bioassay 24*1 
4 hi static l i b  bioassay 24fl 
14 dry static lab bioassay 2 4 r t l  
72 hr static lab bioassay 20 
1 2  hr Nlic lab bioassay 15U) 
72 hr static lab bioassay W1) 
12 hr static lab bioassay W 1 )  
12 hr &tic lab bioassay 15(1) 
1 2  hr Ntit tab bioassay 15U) 
12 hi static lab bioassay 1 x 1 )  
96 hr Ntic tab bioassay m 

12 ................................ Significanl at . 005 level 

28 .............................. Significant a1 0.001 level 

16-32 ................................ Significant at 0.05 lcret 

20-32 ............................................................ 

................................. None 

................................ None 
.......................................... None 
.......................................... Hone 
22-28 ................................ None 
22-28 ............................... None 
22-28 .............................. None 
22-28 ................................ None 
22-28 ................................ None 
......................................... None 
.......................................... None 
.......................................... None 
.......................................... None 

........................... None 

........................... None 

........................... Hone 
22-28 .............................. None 
22-28 ................................ None 
??-?E ............................. None 
22-28 ... 
22-28 ... 
22-28 ................................ None 
22-28 ................................ None 
22-28 ................................ None 
22-28 ................................ None 
......................................... None 
.......................................... Nons 
.......................................... None 
.......................................... None 
.......................................... Nons 
.......................................... Nons 
.......................................... None 
.......................................... None 
.......................................... None 
.......................................... None 
......................................... Nons 
32 250 lts 14 his on/lO hrs on .............................. 
30 .............................................................. 
30 .............................................................. 
30 .............................................................. 
#I .............................................................. 
M .............................................................. 
30 .............................................................. 
m ............................................... 

. . . . .  

..... 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

.................................... Ukclcs 1962'J; 
Ukelrs 1962": 

.................................... Walsh and Grow 1911*9 

.................................... Walsh 1912345 

.................................... Walsh " 

.................................... Walsh " 

.................................... Walsh " 

.................................... Ukeles 19623'7 

.................................... Walsh 1912"s 

.................................... Walsh " 

.................................... Ukeles 1962'" 

.................................... Ukelcs I96Z3:: 

.................................... Walsh 1972346 

.................................... Walsh " 

.................................... 

............................... Cooley and Keltner (unpublishedp 

Nimmo et aI . (unpublishedp 

Nimmo el a1. (un~ub l i shedp~  

46 ppm ................ Hansen et a1 . 1911u? 

13 ppm ................ Hansen et a1 . 1971'5? 

.................................... Davis and Hidu 1969'78 

................................... Davis and Hidu 1969':* 

................................... Davis and Hidu 1969v:1 

................................... Davis and Hidu 1969"?( 

................................... Ukeles 196238: 

.................................... Ukelzs I96Z3': 

................................... Ukeles 1962"; 

.................................... Ukeles 196lU: 

................................... Ukeles 1962:17 
.................................... Davis and Hidu 1969':' 
................................... Davis and Hidu 1969'2' 
.................................... Davis and Hidu 19693z4 
.................................... Davis and Hidu 1969':1 
.................................... Davis and Hidu 1969'24 

................................... Davis and Hidu 1969v:1 

.................................... Uksles 1962": 

.................................... Ukeles 1962": 

.................................... Ukeles 1962": 
Ukeles 196Z31': 

.................................... Ukelcs 1962": 

.................................... UkeIes 196Z3:: 

.................................. Ukeles 196271: 

.................................... Ukelcs 1962x:: 

................................... Ukelcs 1962": 

................................. Ukeles 1962": 

.................................... Davis and Hidu 1969El 

.................................... Davis and Hidu 1969'?~ 

.................................... Davis and Hidu 1969'zr 

.................................... Davis and Hidu 19691?~ 

.................................... Davis and Hidu 19695?4 

.................................... Davis and Hidu 19691?r 
.................................... Davis and Hidu 19693?* 
.................................... Davis and Hidu 19695:' 
.................................... Davis and Hidu 19691:: 
.................................... Davis and Hidu 1969'?* 
.................................... Davis and Hidu 1969224 
.................................... Erickson et a1 191oUl 
.................................... NMWOLlSlOU' 
.................................... NMWOL 19103" 
.................................... NMWOL 1910"' 
.................................... NMWOL 1910"' 
.................................... NMWOL 19103" 
.................................... NMWOL 1970"' 

.................................... 

f 01 avolution IIIMtUred with a Gilson dillersntirl respiromekr on 4 ml 01 cullure in  logphrsr . 



506/Appendix III-Marine Aqiialic Life and bV*iMlife 

TABLE 6- 

Substance Tested Formulation Organism Tested Common Name l i f e  Stage or Size Cant (@ a c t  iwed.) Melhods 01 duersmnl 
(mm) i n  water 

Nitrilotriacetic acid., . . Monohydratad sodium salt Nereis virens 

Nitrilolriacetic acid., , . Menohydratad sodium salt Pllaemonetes vulgaris 
Nitrilotriawtic add.. .. Monohydralod sodium salt Palaemonetos vulgaris 

Nitrilotriacetic acid., . . Monohydrated sodium sal1 Palaemonales vulgaris 
Nilrilolriawtic acid.. .. Menohydrated sodium salt Penaeus setilerus 
Nitri lotrirwtic acid.. .. Monohydrated sodium salt Penaeui setilerus 
Nitrilotriacetic acid.. .. Monohydrated sodium salt Homrus  americanus 

Nitrilotriacetic acid., . . Monohydralod sodium salt Homrus americanus 

Nibilotriawtic add.. . .  Monohydraled sodium salt Hamarus americanus 

Nilrilobiawtic acid,. .. Monohydraled sodium salt Uca pugilalm 

Nitrilobiacetic acid.. . Monohydrated sodium $all Uca pugilalm 
NilrilOtriKetiC acid.. , . Monohydraled sodium sal1 Pagurus longicarpus 
Nilrilotriacelic add . . Monohydrated sodium sal1 RgUrUs longicarpus 
Nitrilotnacetic add.. .. Monohydraled sodium salt .................................... 
Nitrilotriacetic acid.. .. Monohydraled sodium sal1 Nassa obsolela 

Nitrilotriawtic add.. .. Monohydratsd sodium salt Nassa obsolsla 

Nilrilobiacetic arid,. .. Monohydraled sodium salt Mytilus edulis 

Nitrilotriawtic acid . . , Monohydrated sodium sal1 Mytilus edulis 

Nitrilotriacetic acid.. .. Monohydraled sodium salt Mercenaria nIefCcMria 

Nitrilotriacetic acid.. .. Menohydrated sodium salt Mercenaria merwnaria 

Nitrilotriacelic acid . . , Monohydrated sodium salt Aslerias forbesi 

Nitrilotrircetic acid.. .. Monohydrated sodium sal1 Aslcriai lorbesi 

Nibilotriawtic acid.. .. Monohydrated sodium salt Fundulus heleraclitus 

Nilrilotriawtic acid.. .. Monohydratad sodium salt Fundulus hsterali lus 

IIUIIYLII.Co~~ .LIY ... irionobydraiod sodium uii iunduius neleraritus ................. .-.a 
Nilrilotriacetic atid. . Monohydraled sodium salt Stenolomus chvsops 

Nilrilobiacetic atid.. .. Monohydrated sodium sal1 Slenolomus chqsops 

Nitrilotriacetic acid , . . Monohydrated sodium salt Rocrus salatilis 

Nitrilotriacelic acid.. .. Monohydrated sodium salt R a t u s  salahlis 

Nitrilotriacetic acid.. .. Monohydraled sodium salt R a t u s  sautilis 

Nitrilotriawtic add.. .. Monohydrated sodium salt R ~ c r u s  sautil is 

Phenol ........................................ RO~DLOCLU~ sp 
Phenol ............... 
Phenol.. ....................................... Ounaliclla euChlon 
Phenol., ....................................... Pheodactylum trieornutom 
Phenol. .......................... Monachqsis lulheri 
Phenol. .......................... Crassortru rirginim 
Phenol. .......................... Merwnaria merunaria 
Phenol ......................................... Mercenaria mawnaria 
Phygon @... .................................... Memnaria muweria 
Phygon@.. ..................................... Mercenaria mcmnaria 
Phygon @... .................................... Cnwslrea rirginica 
Phylano.. ..................................... Crassostrea rirginica 
PVP.Iodine ..................................... RolDurrur 'p 

PVP4odino.. .......................... ChlMellaSp 
PVP4odine.. .......................... Dunaliella eochlora 
PVP4odine.. .......................... Pheodrctylum t r imutum 
PVP4odine.. ................................... Monahvsis  lutheri 

........ 

Sand worm 

Grass shrimp 
Grass shrimp 

Grass shrimp 
White shrimp 
While shrimp 
herican lobster 

American lobsta 

American lobster 

Fiddler crab 

Fiddler crab 
Hermilcrab 
Hermil cnb 

.Oyster 
Mud snail 

Mud snail 

Bay mussel 

Bay mussel 

Hard clam 

Hard clam 

Starfish 

Slarnsh 

Mummichog 

Mummichog 

Mummichog 

scup 

scup 

Striped bass 

Striped bass 

Striped bss 

Striped bass 

................ 

................ 

................ 

................ 

................ 
American qNI 
Hard clam 
Hard clam 
Hard clam 
Hard clam 
American qstm 
American qW 
................ 
................ 
................ 

... 

... 

... 

... 

... 

... 

... 

... 

Adult 5.5XIo. 

Adult 4.lXlO' 
Adult I.8XiO' 

.................. t.OX10~ 
Sub.adull 
Sub.adult 
Suh-adult 

(29  rrm) 
Sub.adult 

(292 grams) 
First larval slag0 

Adult 

Adull 
Adult 
Adult 
larrre 
Adult 

Adult 

Adull 

Adult 

Adult 

Adult 

Sub.adull 

Sub.adult 

Adult 

Adult 

Adull 

Sub-adult 

Sub.adull 

Juvenile (65 mm) 

Juvenile (65 mm) 

Juvenile (65 mm) 

Juvenile (65 mm) 

....................... 

....................... 

....................... 

....................... 

....................... 
Ea 
Ea 

Ea 
b m e  
Eu 
b r a e  

bNa0 

....................... 

....................... 

....................... 
.......................................... 
.......................................... 

IXIO' 
5XIW 
3.8XtO' 

3.ISXI00 

IXlOS 

1x10' 

1x106 
5.5XI06 
I.8XlOS 
1.5XIO' 
5.sxtOe 

5.1X106 

6.1X106 

3.4XlO' 

>lXIO' 

>IXIO' 

1x106 

1x106 

5.5XI06 

5.5X106 

IXIP 

3.I5XlO~ 

3.15XIO' 

5.5X106 

5.5XIO' 

1x106 

10x10' 

3x10' 
3x10' 
1x10' 
1x10' 
1x10' 

5.263xtol 
5.5Xlol 
I 4  
1.7SXIo' 
14 
41 

ZXlP 
5x101 
5XIP 
IXtP 

s.azsxtol 

...... 
,.A'"- 

11.50 

11.50 
11.50 

wbjccled to hiaDpllholv& euminatian 
78 percent mmblity 
90 percent mortality 
11-50 

11.50 

100 perwnt mortality 

25 percent morll l i ly 

46 pemnl mortality 
11-50 
11.W 
46 percml mmblity 
11.50 

11.50 

11.a 

11.50 

11.50 

11-50 

11.50 

11.50 

11-50 

11.50 

Enmined tor bistoptholagy 

11-50 

11.50 

11.50 

11.50 

Tl.100. Histopalholon 

114 

.59 0.0. Slpt/O.O. control 

.63 0.0. erpt/0.0. control 

.51 0.0. erpl/O.O. control 
A .OO 0.0. elpt/O.D. control 
A .OO 0.0. erpt/O.O. Wnbd 
TLM 
TLM 
TLM 
TLM 
TLM 
TLM 
TLM 
. a u . " . ~ r ~ ' , u . u . ~ l " l  
.65 0.0. erpt/0.0. control 
b .OO 0.0. cxpt/O.O. control 
b .M 0.0. eIpt/O.O. control 
.61 0.0. eipt/O.O. control 

........... 

h No aovrth but orpaisms viabh 
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Continued 

T a l  Rmdurc  Temp C Llinib O/po Other Enrironmcntal Cf i tcM Sbtirtial Enlution Rradue knh mi/Q O b  Rnmr las  Rdrrem 

168 hr static lab bioassay 

36 hr static lab bioassay 
168 hr slatic lab bioassay 

168 hr static lab bioassay 
22 day chronic flowing lab bioassay 
95 hr sbbc lab bioassay 
96 hr static lab bioassay 

168 hr italic h b  bioassay 

1 day static lab bioassay 

96 hr static lab bioassay 

45 day chronic flowing lab bioassay 
96 hr static lab bioassay 
168 hi static lab bioassay 
24 hr static lab bioassay 
96 hr static lab bioassay 

161 hr static lab bioassay 

96 hr static lab bioassay 

161 hr static lab bioassay 

96 hr static lab bioassar 

168 hr stabc lab bioassay 

95 hr static lab bioassay 

168 hr static lab bioassay 

96 hr static l ib  bioassay 

161 hr slat ic  lab bioassay 

168 hr static lab bioassay 

96 hr slatic lab bioassay 

168 hr static lab bioassay 

96 hr static lab bioassay 

161 hr static lab bioassay 

168 h i  static lab bioassay 

158 hr static lab bioassay 

10 day growth test 
10 day growth tsst 
10 day frowth test 
10 day growth tesl 
10 day growth test 
4 hr Ntic lab bioassay 
4 hi static hb  bioassay 
1 2  day static ab bioassay 
4 hr static lab bioassay 
12 day $talic lab biolstly 
4 hr static lab bioassay 
14 day static lab bioassay 
10 day ~rowth tell 
10 day g r M h  l i s t  
10 day growth tcsl 
10 by f lov lh  tell 
10 daj  frowlh lrsl 

m m  

m m  
m m  
m m  
m a  
m m  
1S-24 30 

20 20 

m i o  

m 30 
ambient 

ambicnl 

... 

20.5*1 22-28 
m s f i  22-21 
m . w  zz-is 
r n . 5 3 ~ 1  22-21 
20.53Z1 12-28 
1 4 f l  ..... 
14*1 ..... 
2 4 3 ~ 1  ..... 
24fl ..... 
24fl ..... 
24fl ..... 
14*1 ..... 
20.5fl 12-21 
lO.5fl 22-28 
m s f i  12-21 
ms*i 22-21 
2 0 . 5 t l  12-21 

IS-N 
10 
20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

..... 

14-10 
20 
20 

20 

20 

20 

20 

M 

20 

20 

20 

20 

20 

20 

20 

20 

20 

1 0  

20 

20 

...... 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

Subdued Ntunl l i iht 0.0. 0 
4 mg/l; pH 1.1 

........................... 
Subdued natural light 0.0. a 

4 m i l l ;  pH 1.1 

Subdued NlUrl l  light 0.0. U 

4 mg!l: pH 1.1 

4 mgll; pH 1.1 
Subdued natural lighlO.0. a 

............................ 

Subdued natural light 0.0. u 

Subdued Mlural light D.O. a 

Subducd natural light 0.0. u 

Subdued natural lighlO.0. a 

4 mg/l; pH 1.1 

4 mg/l; pH 1.1 

4 mg!l: pH 7 . 1  

4 m i l l  pH 1.1 

4 mgll pH 7 . 8  

4 m g / l p H 1 . 0  

4 mgll; pH 1 . 8  

4 mg/l; pH 1.8 

4 mgil; pH 1 . 0  

4 mi l l ;  pH 1.1 

4 mg/l; pH 1.1 

4 mg/h pH 1.1 

4 mg/I; pH 1.1 

4 mg/l; pH 1.8 

4 mp/l; pH 7.1 

Subdued natural lighl 0.0. W 

Subdued nalural lighl 0.0. ca 

Subdued natural light 0.0. u 

Subdued nalural light 0.0. u 

Subdued Mlural lilhlO.0. w 

Subdued natural lighlO.0. ca 

Subdued natural lighl 0.0. w 

Subdued nalural l i lh l  D 0 P 

Subdued Mtural lighlO.0. a 

Subdued natural lighl 0.0. U 

Subdued nalural light 0.0. u 

Subdued natural light 0.0. u 

Subdued natural lighl 0.0. u 
4 mg/l; pH 1.1 

4 mgf6 pH 7.8 
........................... 
........................... 
........................... 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

. . . .  

.... 

..... 

..... 

..... 

....................................................................... NMWOL 1 9 J W  

....................................................................... NMWOL 1 9 7 0 ~ 4  

....................................................................... NMWOL 191wi 

.................................. Difcrtin dintticubla l d r t o p l l h o l ~  NMWOL 19JOza1 

....................................................................... NMWOL 19JOUl 

....................................................... .......... NMWOL 19JP44 
NMWOL 191094 

....................................................................... NMWOL 1910''' 

NMWOL 19JOu' 

NMWOL 1910s' 

....................................................................... NMWOL 191Ou' 

...................................................................... NMWOL 1970'" 

....................................................................... NMWOL 1970s" 

....................................................................... NMWOL 1970'3' 
NMWOL 1910"' 

...................................................................... NMWOL 197Du' 

...................................................................... NMWOL 1910x9 

NMWOL 19JOu' 

...................................................................... NMWOL 1910"' 

....................................................................... NMWOL 191Ou' 

...................................................................... NMWOL 1970s' 

....................................................................... NMWOL 1970'3' 

....................................................................... NMWOL 1910"' 

NMWQLI970"' 

..................................................... Intestinal NMWOL 1970s' 

....................................................................... NMWOL 197051 

....................................................................... NMWOL 1970'" 

...................................................... 

....................................................................... 

....................................................................... 

....................................................................... 

....................................................................... 

....................................................................... 

Pathology 

....... - ... - .... ...................................................................... N I W U L  IYJU- * 

...................................................................... NMWOL 19703" 

......................................................... REMI NMWOL 1970"' 

....................................................................... NMWOL 191055' 

.................................... Ukeles 1962317 None 

.................................... Ukeles 1962147 None 
Nonr .................................... Ukelcs 196297 

RIhOlCW 

................................ None 

................................ None 

................................ None 

................................ Nom 

................................ None 

................................ Nonr 

................................ None 

................................ None 

................................ None 

................................ None 

................................ Nons 

................................ Nonr 

................................ None 

.................................... Uhcles 1962"' 

.................................... Ukeles 1 9 W '  

.................................... Davis and Hidu 19693' 

.................................... Davis and Hidu 1969"*' 

.................................... Oaris and Hidu 196B*' 

.................................... Oarisand Hidu 1969" 

.................................... Davis and Hidu 19699' 

.................................... Davis and Hidu 19b92' 

.................................... Oarisand Hidu 1969~' 

.................................... Uhslcs 196217 
................... Ukeltr 1962u7 

.................................... Ukclcs 19611' 

.................................... Uheles 196ZU' 

.................................... Uhelcs 19621' 
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TABLE 0 

Substanw b l e d  Formulation Orpnirm Tested 

PVPhdine.  .......... 
PVP4odins ........... 
Roc&'. ............. 
Roto!*. ............. 
Sulmsl.. ............. 
Sulmcl.. ............. 
TCC.. ............... 
TCC.. ............... 
TCP ................. 
TCP.. ............... 

Tinted 
Tinted 

MCIWMria m m n a r i a  
Merwnaria mercenaria 
MerMNria merwnaria 
M e m M r i a  marconaria 
Mercenaria merwnaria 
M G l W N r h  mrrcenaria 
Mace~ria merunaria 
Mermnaria merwnarla 
Crassorbed rirginica 
C n u m t r u  rirgimca 

Hard clam 
Hard clam 
Hard clam 
Hird clam 
Hard dam 
Hard clam 
Hard clam 
Hard clam 
American qctu 
American qstm 

1.JIXIOI 
3.4OoX1~ 
150 
140 
1x10' 

12 
11 
600 
1x10' 

1x105 

TLfa 
TLfa 
TLM 
TLfa 
TLM 

T L I  
TLM 
TLM 
TLM 

T i m  
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Continued 

Tat  Raadurs 

4 hr Ltic lab bioassay 
12 day Ltic lab bioassay 
4 hr Ltic lab bioassay 
12 dar M i c  lab bioassay 
4 hr Ntic lab bioassay 
12 day Ltic lab bioassay 
4 hr Ltic lab bioassay 
12 dar Ltie lab bioassay 
4 hr Ltic lab bioassay 
I4 day l t i c  lab bioassay 

Temp C SafiRity o/w Other Enrircnmenbl Criteria . Statistical Enlution Rsddus krdr mg/ki Other Panmslsrs Rslerensa 

24fl 
24fl 
24fl 
24fl 
24fl 
24fl 
24*1 
24fl 
24fl 
24*l 

.......... 

.......... 

.......... 

.......... 

.......... 

............................ :... Nons 

................................ None 

................................. Nons 

................................. None 

................................ None 

................................. None 

............................ . . .  .. None 

. . . . . . . . . _ _ .  . . . . . . . . . . . . . . . . . . . . . . . . Oaris and Hidu 1969x9~ 

. .._._. ._ .. . , ... . ._.  _.  . .. . . ... . ... . . Oarisand Hidu 1969394 

. ... . ._.  , ._.  . . .. . ... ,. . ... . . .. . ... . . Davis and Hidu 1969'?4 

. . ._. .. , . . ., ._, ._.  .. .. . . . . . . .. . . .. . . Oavirand Hidu 1969'94 

. . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . Davis and Hidu 1369221 

, , .. ._, , . .. . . ,_ .__ . .  .. .............. Davis ind Hidu 196933 
. , . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . Oaris and Hidu 1969'2' 
.................... ....... Dins and Hidu 19693:' 
._. . . .. . . . .. . . .. . ._.  .. , ... . .. . . .. . . . Oavirand Hidu 1969524 

. . . . . . . . , . . . . . . . . . . . . ,. . . . . . . . . . , . . Davis and Hidu 1969'?4 
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absorption penetration of one substance into the 
body of another. 

acclimation the process of adjusting to change, e.g. 
temperatures, in an environment. 

acute involving a stimulus severe enough to rapidly 
induce a response; in bioassay tests, a response ob- 
served within 96 hours typically is considered an acute 
one. 

adsorption the taking up of one substance at the 
surface of another. 

aerobic the condition associated with the presence of 
free oxygen in an environment. 

aerobe an organism that can live and grow only in 
the presence of free oxygen. 

allocthanous said of food material reaching an aquatic 
community from the outside in the form of organic 
detritus. 

alluvial transported and deposited by running water. 
amoebiasis an infection caused by amoebas, especially 

amphoteric able to react as either acid or base. 
"I?"Cr,rCrnC)"S f sh  

by Enlarnoeba hislolyfica. 

fish $"a! typi-,2!!y inh2bit S C l S  or 
lakes but ascend streams at more or less regular inter- 
vals to spawn; e.g., saliiioII, steelhrad, or American 
shad. 

anaerobic the condition associated with the lack of 
free oxygen in an environment. 

anaerobe an organism for whose life processes a com- 
plete or nearly complete absence of oxygen is essential. 

anhydremia 
anorexia loss of appetite. 
anoxic 
antagonism 

a deficiency of water in the blood. 

depleted of frce oxygen; anaerobic. 
the power of one toxic substance to di- 

minish or eliminate the toxic effect of another; inter- 
actions of organisms growing in close association, to 
the detriment of at least one of them. 

a factor applied to a short-term or 
acute toxicity test to estimate a concentration of waste 
that would be safe in a receiving water. 

assimilation the transformation and incorporation of 
substances (e.g., nutrients) by an organism or ecosys- 
tem. 

application factor 

backwashing cleaning a filter or ion exchanger by re- 
versing the flow of liquid through it and washing out 
captured matter. 

benthic aquatic bottom-dwelling organisms including: 

mussels, oysters, some worms, and many attached 
algae; (2) creeping forms, such as insects, snails, and 

most clams and worms. 
uptake and retention of environ- 

mental substances by an organism from its environ- 
ment, as opposed to uptake from its food. 

a determination of the concentration or dose 
of a given material necessary to affect a test organism 
under stated conditions. 

the living weight of a plant or animal popula- 
tion, usually expressed on a unit area basis. 

a numerical index using various aquatic 
organisms to determine their desree of tolerance to 
differing warer conditions. 

biotoxin toxin produced by a living organism; the 

produced by certain species of dinoflagellate algae. 
waste liquid remaining after digestion of 

rags, straw, and pulp. 
an unusually large number of organisms per 

unit of water, usually algae, made up of one or a few 
species; a bur of iron or steel, square or slightly oblong, 
rolled from an ingot to a size intermediate between an 
ingot and a billet, generally in the range of 6"X6" 
to 1O"x 12" (Section V I ) .  

the discharge of water from a boiler or 
cooling tower to dispose of accumulated salts. 

the total amount of a substance present 
in the body tissues and fluids of an organism. 

water provided to a boiler for con- 
version to steam in the steam generation process ; 
usually a mixture of make-up water and returned steam 
condensate. 

the ability of a solution to maintain 
its pH when stressed chemically. 

the water held in the small pores of a 

( I )  sessile animals, such as the sponges, barnacles, 

certain clams; and (3) burrowing forms which include 

' J  

-. 

bioaccumulation 

bioassay 

biomass 

biotic index 

hi,t,vi- ...+iCh -,"'SlE pEra!yti-, +.!!fi.h p,iso?,inm is 

black liquor 

bloom 

blowdown 

body burden 

boiler feedwater 

buffer capacity 

capillary water 
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soil, usually with a tension greater than 60 centimeters 
of water. 

the maximum biomass that a sys- 
tem is capable of supporting continuously (Section 
I\') ; the number of user-use periods that a recreation 
resource can provide in a given time span without ap- 
preciable biological or physical deterioration of that 
resource, or without appreciable impairment of the 
recreation experience for the majority of the users 
(Section I) .  

catadromous fish fishes that feed and grow in fresh 
water but return to the sea to spawn, e.g., the American 
eel. 

chelate to combine with a metal ion and hold it in 
solution preventing it from forming an insoluble salt. 

chemotaxis orientation or movement of a living 
organism in response to a chemical gradient. 

chronic involving a stimulus that lingers or continues 
for a long period of time, often one-tenth of the life 
span or more. 

climax community the stage of ecological develop- 
ment at which a community becomes stable, self- 
perpetuating, and at equilibrium with the environment. 

a water treatment process in which chem- 
icals are added to combine with or trap suspended and 
colloidal particles to form rapidly settling aggregates. 

a group of bacteria inhabiting the 
intestines of animals including man, but also found 
elsewhere. It includes all the aerobic, nonspore form- 
ing, rod-shaped bacteria that produce from lactose 
fermentation within 48 hours at 37 C. 

very smaii particies ( io  anistroms to i micronj 
which tend to remain suspended and dispersed in 
liquids. 

material that has moved down hill by the 
force of gravity or frost action and local wash and ac- 
cumulated on lower slopes or at the bottom of the hill. 

an inflammation of the mucous mem- 
brane that lines the inner surface of the eyelid and the 
exposed surface of the eyeball. 

a pollutant that is relatively 
persistant and resistant to degradation, such as PCB 
and most chlorinated hydrocarbon insecticides. 

cumulative brought about or increased in strength by 
successive additions. 

demersal living or hatching on the bottom, as fisheggs 
than sink to the bottom. 

detritus unconsolidated sediments comprised of both 
inorganic and dead and decaying organic material. 

diurnal occurring once a day, i.e., with a variation 
. period of 1 day; occurring in the daytime or during a 

day. 
diversity the abundance in numbers of species in a 

specified location. 

carrying capacity 

coagulation 

coliform bacteria 

coiioid 

colluvial 

conjunctivitis 

conservative pollutant 

dredge spoils the material removed from the bottom 
during dredging operations. 

drench to administer orally with water a large dose of a 
substance such as medicine to an animal. 

dystrophic said of brownwater lakes and streams 
usually with a low lime content and a high organic 
content; often lacking in nutrients. 

emesis the act of vomiting. 
enteric 
epilimnion 

of or originating in the intestinal tract. 
the surface waters in a thermally stratified 

body of water; these waters are characteristically well 
mixed. 

epiphytic 
euphotic zone 

living on the surface of other plants. 
the lighted region that extends ver- 

tically from the water surface to the level at which 
photosynthesis fails to occur because of ineffective light 
penetration. 

abundant in nutrients and having high rates 
of productivity frequcntly resulting in oxygen depletion 
below the surface layer. 

the combined loss of water from 
a given area during a specified period of time by 
evaporation from the soil or water surface and by 
transpiration from plants. 

the total ionic charge of the ad- 
sorption complex active in the adsorption of ions. 

an abnormal protrusion of the eyeball. 
passage of water through equip- 

ment such as a filter or water softener to meet desired 
quality requirements prior to point of use. 

able to live under different conditions, as 
in facultative aerobes and facultative anaerobes. 

bacteria of the coliform group 
of fecal origin (from intestines of warm-blooded ani- 
mals) as opposed to coliforms from non-fecal sources. 

eutrophic 

evapotranspiration 

exchange capacity 

exophthalmos 
external treatment 

facultative 

fecal coliform bacteria 

filial generation 
finfish 

flocculation 

the offspring of a cross mating. 
that portion of the aquatic community made up 

of the true fishes as opposed to invertebrate shellfish. 
the process by which suspended colloidal 

or very fine particles are assembled into larger masses 
or floccules which eventually settle out of suspension; 
the stirring of water after coagulant chemicals have 
been added to promote the formation of particles that 
will settle (Section 11). 

the transfer of food energy from plants or 
organic detritus through a series of organisms, usually 
four or five, consuming and being consumed. 

the interlocking pattern formed by a series 
of interconnecting fo&d chains. 

chlorination that main- 
tains the presence of hypochlorous acid (HOCI) or 
hypochlorite ion (OCI-) in water. 

the stage in the life of a fish between the hatching of 
the egg and the absorption of the yolk sac (Sections 

food chain 

food web 

free residual chlorination 

fry 
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I11 and IV) ;  in a broader sense, all immature stages 
of fishes. 

the raw material produced from both 
logs and chips, used mainly in the manufacture of 
newsprint, toweling, tissue, wallpaper, and .coated 
specialty papers. 

the period of time in which a substance loses 
half of its active characteristics (used especially in 
radiological work) ; the time required to reduce the 
concentration of a material by half. 

hemostasis the cessation of the flow of blood in the 
circulatory system. 

histopathologic occurring in tissue due to a diseased 
condition. 

hydrophobic unable to combine with or dissolve in 
water. 

hydrophytic growing in or in close proximity to 
water; e.g., aquatic algae and emergent aquatic vascu- 
lar plants. 

hypertrophy nontumorous increase in the size of an 
organ as a result of enlargement of constituent cells 
without an increase in their number. 

the region of a body of water that ex- 
tends from below the thermocline to the bottom of the 
lake; i t  is thus removed from much of the surface 
influence . 

internal treatment treating water by addition of 
chemicals to meet desired quality requirements at  
point of use or within a process. 

groundwood 

half-life 

hypolimnion 

intraperitoneal into the abdominal cavity. 
kraft process producing pulp from wood chips in the 

manufacture of paper products; involves cooking the 
chips in  a strong solution of caustic soda and sodium 
sulfide. 

unstable and likely to change under certain in- 
fluences. 

labile 

LC50 see median lethal concentration. 
LD50 see median lethal dose. 
lentic or lenitic environment 

leptospirosis 

lethal 

life cycle 

standing water and 
its various intergrades; e.g., lakes, ponds, and swamps. 

a disease of animals or man caused by 
infection from an organism of the genus Lebtospiro. 

involving a stimulus or effect causing death 
directly. 

the series of life stages in the form and mode 
of life of an organism, i.e., between successive recur- 
rences of a certain primary stage such as the spore, 
fertilized egg, seed, or resting cell. 

limnetic zone the open-water region of a lake, sup- 
porting plankton and fish as the principal plants and 
animals. 

lipophilic 
littoral zone 

having an  affinity for fats or other lipids. 
the shallow shoreward region of a body 

of water having light penetration to the bottom; fre- 
quently occupied by rooted plants. 

littoral zone the shoreward or coastal region of a 
body of water. 

lotic environment running waters, such as streams or 
rivers. 

lysimeter a device to measure the quantity or rate of 
water movement through or from a block of soil, 
usually undisturbed and in situ, or to collect such perco- 
lated water for quality analysis. 

a chemical element necessary in large 
amounts, usually greater than 1 ppm, for the growth 
and development of plants. 

the larger aquatic plants, as distinct from 
the microscopic plants, including aquatic mosses, liver- 
worts and larger algae as well as vascular plants: no 
precise toxonomic meaning; generally used synony- 
mously with aquatic vascular plants in this Report. 

make-up water water added to boiler, cooling towcr, 
or other systems to maintain the volume of water rc- 
quired. 

an earthy, unconsolidated deposit formed i n  fresh- 
water lakes, consisting chiefly of calcium carbonate 
mixed with clay or other impurities in varying propor- 
tions. 

median lethal concentration (LC50) the concen- 
tration of a test material that causes death to 50 per cent 
of a population within a given time period. 

the dose of a test ma- 
terial, ingested or injected, that kills 50 per cent of a 
group of test organisms. 

the concentration of 
a test material in a suitable diluent (experimental 
water) a t  which just 50 per cent of the test animals are 
&!e s~~rt.rit.r. fcr 2 specified periz:! =f expcyxe. 

mercerize to treat cotton thread with sodium hy- 
droxide so as to shrink the fiber and increase its color 
absorption and luster. 

mesotrophic having a nutrient load resulting in 
moderate productivity. 

metabolites products of metabolic processes. 
methemoglobinemia poisoning resulting from the 

oxidation of ferrous iron of hemoglobin to the ferric 
state where it is unable to combine reversibly with 
molecular oxygen ; agents responsible include chlorates, 
nitrates, ferricyanides, sulfonamides, salicylates, and 
various other substances. 

methylation combination with the methyl radical 
((3%). 

mho 
micelle 

micronutrient 

macronutrient 

macrophyte 

marl 

median lethal dose (LD50) 

median tolerance limit (TL50) 

a unit of conductance reciprocal to the ohm 
an aggregation or cluster of molecules, ions, or 

chemical element necesary in only 
minute submicroscopic particles. 

I .  

- I  
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small amounts for growth and development; also 
known as trace elements. 

the amount of paralytic shellfish poison 
that will produce a mean death time of 15 minutes 
when administered intraperitoneally to male mice, of 
a specific strain, weighing between 18 and 20 grams. 

necrosis the death of cellular material within the body 
of an organism. 

nephrosclerosis a hardening of the tissues of the 
kidney. 

nitrilotriacetate (NTA) the salt of nitrilotriacetic 
acid; has the ability to complex metal ions, and has 
been proposed as a builder for detergents. 

nonconservative pollutant a pollutant that is 
quickly degraded and lacks persistence, such as most 
organophosphate insecticides. 

a property of cooling water that allows it 
to flow over steam condenser surfaces without accumu- 
lation of impediments. 

a chemical term for any molecule or liquid 
that has a reasonable degree of electrical symmetry 
such that there is little or no separation of charge; e.g., 
benzene, carbon tetrachloride, and the lower paraffin 
hydrocarbons. 

organic and inorganic chemicals necessary 
for the growth and reproduction of organisms. 

having a small supply of nutrients and 
thus supporting little organic production, and seldom 
if every becoming depleted of oxygen. 

organoleptic pertaining to or perceived by a sensory 
organ. 

parr a young fish, usually a salmonid, between the 
larval stage and the time it begins migration to the sea. 

partition coefficient the ratio of the molecular con- 
centration of a substance in two solvents. 

pCi-picocurie a measure of radioactivity equivalent 
to 3.70X lo-* atoms disintegrating per minute. 

pelagic 
periphyton 

mouse unit 

nonfouling 

nonpolar 

nutrients 

oligotrophic 

occurring or living in the open ocean. 
associated aquatic organisms attached or 

clinging to stems and leaves of rooted plants or other 
surfaces projecting above the bottom of a water body. 

any substance used to kill plants, insects, 
algae, fungi, and other organisms; includes herbicides, 
insecticides, algalcides, fungicides, and other substances. 

plants (phytoplankton) and animals (zoo- 
plankton), usually microscopic, floating in aquatic 
systems such as rivers, ponds, lakes, and seas. 

the location at  which water is ob- 
tained from a specific source. 

the location at which water is actually 
used in a process or incorporated mto a product. 

to cause an explosive evolution of steam from a 
heating surface, throwing water into a steam space. 

water tliat comes in contact with an 

pesticide 

plankton 

point of supply 

point of use 

prime 

process water 

end product or with materials incorporated in an end 
product. 

the rate of storage of organic matter in 
tissue by organisms including that used by the organ- 
isms in maintaining themselves. 

a layer of water that exhibits rapid change 
in density, analogous to thermocline. 

thriving at relatively low temperatures, 
usually a t  or below 15 C. 

to add water to the zone of saturation, as in 
recharge of an aquifer; the term may also be applied 
to the water added. 

refractory resisting ordinary treatment and difficult to 
degrade. 

rip-rapping covering stream banks and dam faces 
with rock or other material to prevent erosion from 
water contact. 

a numerical value applied to short-term 
data from other organisms in order to approximate the 
concentration of a substance that will not harm or im- 
pair the organism being considered. 

sessile organism motionless organisms that reside in a 
fixed state, attached or unattached to a substrate. 

seston suspended particles and organisms between 
0.0002 and 1 mm in diameter. 

shellfish a group of mollusks usually enclosed in a self- 
secreted shell; includes oysters and clams. 

shoal water shallow water. 
slaking adding water to lessen the activity of a chemical 

reaction. 
sludge a solid waste fraction precipitated by a water 

treatment process. 
smolt a young fish, usually a salmonid, as it begins 

and during the time i t  makes its seaward migration. 
sorption a general term for the processes of absorption 

and adsorption. 
species diversity a number which relates the density 

of organisms of each type present in a habitat. 
standing crop biomass the total weight of organisms 

present a t  any one time. 
stoichiometric the mass relationship in a chemical 

reaction. 
stratification the phenomenon occurring when a body 

of water becomes divided into distinguishable layers. 
subacute involving a stimulus not severe enough to 

bring about a response speedily. 
sublethal involving a stimulus below the level that 

causes death. 
succession the orderly process of community change 

in which a sequence of communities replaces one 
another in a given area until a climax community is 
reached. 

sulfhemoglobin the reaction product of oxyhemoglo- 
bin and hydrogen sulfide. 

sullage 

productivity 

pycnocline 

psychrophilic 

recharge 

safety factor 

waste materials or refuse; sewage. 



superchlorination chlorination wherein the doses are 
large enough to complete all chlorination reactions 
and to produce a free chlorine residual. 

a surface active agent altering the inter- 
facial tension of water and other liquids or solids, e.g. a 
detergent. 

interactions of two or more substances or 
organisms producing a result that any was incapable 
of independently. 

tailwater water, in a river, or canal, immediately 
downstream from a structure; in irrigation, the water 
that reaches the lower end of a field. 

a disease of cattle caused by excessive molyb- 
denum intake characterized by profuse scouring, loss of 
pigmentation of the hair, and bone defects. 

a substance that increases the incidence of 
birth defects. 

surfactant 

synergistic 

teart 

teratogen 

Glossary/ 52 3 

thermocline a layer in a thermally stratified body of 
water. in which the temperature changes rapidly rela- 
tive to the remainder of the body. 

TLm see median tolerance limit. 
trophic accumulation passing of a substance through 

a food chain such that each organism retains all or a 
portion of the amount in its food and eventually ac- 
quires a higher concentration in its flesh than in the 
food. 

trophic level a scheme of categorizing organisms by 
the way they obtain food from primary producers or 
organic detritus involving the same number of inter- 
mediate steps. 

the color of water resulting from substances 
which are totally in solution; not to be mistaken for ap- 
parent color resulting from colloidal or suspended 
matter. 

true color 

I 
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CONVERSION FACTORS 

Units JIultiplied by Equal 

Acres. . . . . . . . . . . . . . . . . . .  

Angstrom units. . . . . . . . . .  

Barrels (oil). . . . . . . . . . . . .  

British thermal units.. . . .  

Ccntimcters . . . . . . . . . . . . . .  
n----,.- --.. &;,.-.- L/,.g, L\.D bL.*".6* d c .  . . . . . . .  
Dcgrccs fnrcnhcit . . . . . . . . .  
Fcet . . . . . . . . . . . . . . . . . . . .  

G:illons. . . . . . . . . . . . . . . . . .  

(Inipcrinl) . . . . . . . . . . . . .  
(U. S . ) .  . . . . . . . . . . . . . . .  
(Wntcr) . . . . . . . . . . . . . . .  

Gnllons/day . . . . . . . . . . . . .  

Gdlons/minute . . . . . . . . . . .  

(Water) . . . . . . . . . . . . . .  

4.047 X lo-'. . . . . . . . . . .  
4.356XlW. . . . . . . . . . . .  
4.047 X lo3.  . . . . . . . . . . .  
1 . .m x 10-3. . . . . . . . . . . .  

3.937X10-8.. . .  
42 . . . . . . . . . . . . .  
1.59OXlO'. . . . . . . . . . . . . .  
7.776 X lo2. . . . . . . . . . . . .  
3.927 X lo-'. . . . . . . . . . . .  
0.252 . . . . . . . . . . . . . . . . . .  
2 . w  x 10-4. . . . . . . . . . . .  

( O f -  v Q \  I Q . 9  , " ,\ J, 0 Y- 

12 . . . . . . . . . . . . . . . . . . . . .  
1 . 646 X . . . . . . . . . . .  
1 .894 X lo-'. . . . . . . . . . . .  
0.305 . . . . . . . . . . . . . . . . . .  
1/3 . . . . . . . . . . . . . . . . . . . .  
3.OG9 X . . . . . . . . . . .  
3.785 X lo3 .  . . . . . . . . . . . .  
0.134 . . . . . . . . . . . . . . . . . .  
2..:31XlO~. . . . . . . . . . . . . .  
3.78.5 X . . . . . . . . . . .  
4.951 X . . . . . . . . . . .  

1.2001 . . . . . . .  

8.343 . . . . . . . . . . . . . . . . . .  
5 .  .?iox 10-3. . . . . . . . . . . .  
3.78.5 . . . . . . . . . . . . . . . . . .  
8.021 . . . . . . . . . . . . . . . . . .  
2.228 x 10-3. . . . . . . . . . . .  
6 .308 X lo-'. . . . . . . . . . . .  
6.009 . . . . . . . . . . . . . . . . .  

Gallons/square foot/ 40.74 . . . . . . . . . . . . . . . . . .  
minute 

Gallons/squarc mile. . . . . . .  1.461. . . . . . . . . . . . . . . . . .  

Grams. . . . . . . . . . . . . . . . . .  3.527 X le2. . . . . . . . . . . .  
2.20.5 x 10-3. . . . . . . . . . . .  

Grams/liter. . . . . . . . . . . . . .  58.41. . . . . . . . . . . . . . . . .  : 
103. . . . . . . . . . . . . . . . . . . .  

rl 11 ..- f L . -  1-1. --A\ A 3 7 9  ull i lUlla/  C U U  \311U1 ' I J  . . . . . . .  1. I u. . . . . . . . . . . . . . . . . .  

Hecturca 
Square fcct 
Squarc mt:t,rrs 
Squarc milm 
Squarc yards 
Crnt imrtcrs 
I nchcs 
C;nllo~is (oil) 
I ,itr rs 
Foot ~ I ~ U I I C I S  
Horse-powr hours 
Kilogrnni cnlorirs 
I d o w t t  hours 
I nchw 
T::!rc.!i!?pit &vrrem 0- 

Cont igmdc clcgrrcs 
I11c hcs 
11ilrs (nnutic:d) 
IIilcs (statutr) 
1 Ictcrs 
Yards 
hcrc fwt 
Cubic ccn thc tms  
Cubic fwt, 
Cubic inchrs 
Cubic nictrrs 
Cubic ytirds 
Liters 
l'ints (liquid) 
Qunrt,s (liquid) 

Inip(~riti1 gallons 
Pounds (Watw: 39.2 F) 
Cubic fcct/hour 
Litcrs/dny 
Cubic fcct/hour 
Cubic f oct/sccond 
Litr rs/sccond 
TOIS (watcr: 39.2 E')/ 

Litcrs/squarc meter/ 

Litcrs/squarc kilometer 
Liters/%- (Rlctric) 
Ounccs 
Pounds 
Grains/gallon 
Parts prr million 

u. s. gallons 

day 

niinutc 

(assumes density of 1 gram/millilitcr) 
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CONVERSION FACTORS-Continued 

Unit,s Multiplied by Equal 

Grams/liter . . . . . . . . . . . . . .  8.345 X . . . . . . . . . . .  Pour~ds/gnllo~~ 
I'ounds/cubic foot. 

. . . . . .  Grains/cubic foot 
. . . . . . . . . . . .  Centimeters Inches . . . . . . . .  

IGlonicbtors. . . . .  

0.G2l . . . . . . . . . . .  

Cubic ccntimct,crs 
. . . . . .  Cubic fcet, 

. . . . . . . . . . .  Cubic irichcs 
. . . . . . . . .  Cubic nict,crs 

1 .308 x 10-3. . . . .  

Lit,crs/squ:>ro kiIomc:t.c!r. . . .  0 .  .%S. . . . . . . . . . . . . . . . . .  G:lllons/sc~unrc milch 
hfrtcrs. . . .  

hlicrons . . . . . . . .  

h4illigrams.. . . .  

h,Iilliliters. . . . . .  

. . .  

. . .  

. . .  

. . . . . .  . . . . . . . . . . . . . . . .  3.281. .  Feet, 
39.37 .  . . . . . . . . .  . . Incllcs 

. . . . . .  AIilcs (~inut~icnl) 
. . JIilrs (st.:tt,utc) 

1.094. . . . . . . . . . . . . . . . . .  Y:irds 
. . . . . .  104. . . . . . . . . . . .  . . Angst,roni unit,s 

10-4. . . . . . . .  . . . . .  Ccntimctrrs 

3 .g:ji x 10-5. . . . . . . . . . . .  
10-6. . . . . . . . . . . . . . .  
IO-" . . . . . . . . .  . . .  h\Iillimi.tt 

1.151, . . . . . . .  . . 3Iilcs (st,nt,utr) 
2.027 x 103, . . . . . . . . . . . .  Yards 

G. 336 x lo4 .  . . . . . . . . . . . .  Inclics 
1.009 . . . . . . . .  

. . . . . . . . . . . .  . . . . . .  5.280 x 103. 1;cct 

1. iG0 x lo3.  . . . . . . . . . . . .  Yards 
. .  . :3.5"7xlo-~. . . . . .  

. . . . . . .  1.000028 . . . . . . . . .  Cubic ccntimcters 
. . . . . .  Pounds 

3.381 X . . . . . . .  

3.937X10-2.. . 
. . . . . . .  3.281~10-3.. . . .  

. . . . .  hlctcrs 
. . . . . . . .  RIicrons 

1 .004 x 1 0 - 3 ,  . . . . . . . . . . .  Yards 
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CONVERSION FACTORWonfinued 

Units 1 Iultiplird by Equal 

. . . . . .  . ~I i l l ion  gallons,ld:iy. 1 .547. . . Cubic frc:t!sccond 0 
0 
0 
0 
cf 
0 
0 
0 
0 
0 

. . . . .  0.0’1s Cubic motcm/s;ccond * 
’18.32. Lit,cm,/scwd 

I ( j . .  . . . . . . . . . . . . . . . . . . .  0 u n c . 0 ~  
4 . 4 6 4 ~  10-4. . . . . . . . . . . .  Toils ( I o I I ~ )  
4 . 5 3 6 ~  10-4. T(JIIS (mctric) 
;?.Ox 10-4. . . . . . . . . . . . . .  TOW (short,) 

Pounds/:icrc,. . . . . . . . . . . . .  1 .I??.  . . . . . . . . . . . . . . . . .  Iiilogranis/’h(~t:tnrcl 
Pounds/g:illon. . . . . . . . . . . .  0.120. . . . . . . . . . . . . . . . . .  C:r:ims,‘c.ubic crntimvtrr 

i .4SO. . . . . . . . . . . . . . . . . .  I’c~iincls,’ciiI~ic foot 
l-’oundajsqu:irc~ inch. . . . . . .  6 .  SO5 X IO-’. . . .  .-\tmosphvrc-s 

5.171 . . . . . . . . . .  Cmt imcbtors ( ~ f  nwrcury 

70.31 . . . . . . . . . . . . . . . . . .  Cmtimc-tcm of w:tt.rr 

6 . ~ 9 5 ~ 1 0 4 . .  D 

. . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  Pounds. 0.454. liilngrmis 

. . . . . . . . . . .  

(0 C) 

. . . . . . . . . . .  

TO. :< l .  . . . . . . . . . . . . . . . . .  C.;r:ims!’sclu;irc~ cvnti- 
mcbtchr 

. . . . . . . . . .  “7.6s 
2.0:3(j. . . .  . . Iiic~lic~s of mcwury 

I i rc l i (~s  ( J f  witw (39.2 1:) 

(3-2 F) 
7.031 x IO2 .  . . . . . . . . . . . .  M o g r  
1.44ox 10‘. I’ound 

Squaro fwt . . . . . . . . . . . . . .  2.-2!Nj x I O + .  . . . . . . . . . . .  .-\crcs 
1.44x 10:. . . . . . . . . . . . . .  S(lii:ir(* i1iclrc.s 
9.L’:)Ox 10-2. Sclu:ircb mcitcm 
:3 .5Si x 1 0 - 3 .  S q u m -  milvs 
1; 9 .  . . . . . . . . . . . . . . . . . . .  Sqii;ircb x:irtls 

10-4 Hvc t : i r w  

104. . . . . . . . . . . . . . . . . . . .  Squ:irc% ccmtinwttrs 
10. i f i .  . . . . . . . . . . . . . . . . .  Sqii;irrs fwt 
1 .;?;?ox 103. . . . . . . . . . . . .  Squ:m inclws 
3 .SO1 x . . . . . . . . . . .  Qquarv milvs 
1. I!)(;. . . . . . . . . .  

Squarc milos. . . . . . . . . . . . .  6.40 X IO’. . 
L’.:590x10?. . .  
’1. T S S X  io7. . . . . . . . . . . . .  Sclunro frct 

Tons (mct.ric). . . . .  1 0 3 . .  kilograms 

. . . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . .  ‘1 . 4 i l , X  10-4. . . . . . . . . . . .  .-\c*rc~..; 
. . . . . . . . . . . . . . . . . . .  

Squnrc mctms. . 

. . . . . . . . . . . . . .  Sclunrc’ kilomctcw 
. . . . . . . . . . . .  0 6 .  Squarc: y r d s  

. . . . . . . . . . . . . . . . . . .  
-. 

3.527 x I@.  . . . . . . . . . . . .  0uncc.s 
‘1.‘10:? x lo3. . . . . . . . . . . . .  l’(JUl1dS 
0.984. . . . . . . . . . . . . . . . . .  Tons (long) 
1. io?. . . . . . . . . . . . . . . . . .  Tons (short) 

9.07% lo2. . . . . . . . . . . . .  Iiilogrnms 
3 .  ’1 x 104. . . . . . . . . . . . . . .  

Tons (short). . . .  . . . . .  8.S9iX1OS..  . . . . . . . . . . .  Dynts 

Ounces 

.___.I.._...__..I.III ~ . -ll~.,U-.L,..‘.”~- .““I.’IYIY.I- IY.-Y-II 
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Conversion Factors/527 

CONVERSION FACTORS-Continued 

Units Multiplied by Eclual 

Tons (short) . . . . . . . . . . . . .  2 X lo3. . . . .  
. . . . . . . .  Tons (long) 

Watts. .  . . . . . . . . . . . . . . . . .  3.414. . . . . . . . . . . . . . . . . .  BTU/hour 
44.25 . . . . . . . . . .  Foot-pounds/minutc 

minute 
Yards. . . . . . . . . . . . . . . . . . .  

0.914 . . . . . . . . . . . . . .  
. . . . . .  hIilcs (nautical) 

5.682 X lo4. . . . . . . . . . . .  Aiilcs (stntut,c) 
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Massachusetts. He received an A.B. in Biology from Forestry, University of Toronto in 1955, a M.S. in 
St. Stephens College, Columbia, in 1934, and a Ph.D. resource development in 1964 and a Ph.D. in Geog- 
from Harvard University in 1938. A specialist in raphy from M.S.U. in 1967. He has been employed in 
nutrient cycling and phytoplankton physiology, he is river development for the Ontario Department of the 
the holder of two Honorary Sc.D. degrees and the Environment and has served as a recreation planner 
1972 recipient of the David B. Stone Award. with the Michigan Department of Natural Resources. 

CORNELIUS \V.  KRUSL is Professor and Chairman of the He is a specialist in recreation resource carrying capac- 
Department of Environmental Health in the School of ity and recreation survey research. 
Hygiene and Public Health at the Johns Hopkins MILO A. CHURCHILL is Chief, Water Quality Branch, 
University. He received a B.S. in civil engineering at  Tennessee Valley Authority. He received a B.S. in 
the Missouri School of Mines in 1934, an M . S .  in Civil Engineering from the University of Illinois in 
Sanitary Engineering at Harvard University in i 946, i933, and a iviasrer of FuLiiL I-Ica;i:i lioiii T:lc johfi; 
and a Doctor of Public Health from the University of Hopkins University in 1952. He is a specialist in effects 
Pittsburgh in 1961. Dr. KrusC is a specialist on infec- of impoundment on water quality, bacterial quality of 
tious and toxic agents in external en\'  wonments. streams and reservoirs, and stream reaeration. 

THURSTON E. LARSON received a B.S. in Chemical Engineer- NORMAN E. JACKSON is Acting Assistant Chief, Planning 
ing in 1932 and a Ph.D. in Sanitary Chemistry in Division, Office of the Chief of Engineers, Directorate 
1937 from the University of Illinois. He is a specialist of Civil Works, Washington, D. C. He received a B.S. 
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in Civil Engineering from Vanderbilt University in 
1935 and a M.S. in Sanitary Engincering from The 
Johns Hopkins University in 1950. A fornier Director 
of Sanitary Engineering, District of Columbia, and 
Special Assistant to the Director, Department of En- 
vironmental Services, D.C., he specializes in urban 
water and wastewater facilities and in planning water 
resources in regional and basin settings. 

WILLIAM L. KLEIN is chemist-biologist for the Ohio River 
Valley Water Sanitation Commission at Cincinnati, 

.Ohio. He received a B.S. degree from Kent State in 
1949, and a Master of Public Health in 1957 in Sani- 
tary Chemistry and Biology from the University 01 
North Carolina. He  is a specialist in water pollution 
control, water monitoring, and associated data evalua- 
tion. 

PERCY H. MCGAUHEY is a professional consultant in civil 
and sanitary engineering and Director Emeritus 01 
Sanitary Engineering Research Laboratory, Depart- 
ment of Civil Engineering, Univcrsity of California, 
Berkeley. He received an M.S. degree from the Uni- 
versity of Wisconsin in 1941, and an honorary D.Sc. 
from Utah State University in 1971. He is the author 
of Engineering Water Quali!y Arlanagrmrnt (h4cGraw 
Hill, 1968). His specialties are wastewater reclamation, 
organic clogging of soils, economic evaluation of 
water, and solid wastes management. 

ERIC M’. MOOD is Associate Professor of Public Health 
(Environmental Health), Yale University School of 
Medicine. He received a B.S. degree in engineering 
from the University of Connecticut in 1938 and an 
M.P.H. degree from Yale University in 1943. For 
several years he has been chairman of the Joint Com- 
mittee on Swimming Pools and Bathing Places, Ameri- 
can Public Health Association. He is a member of the 
Expert Advisory Committee on Environmental Health, 
World Health Organization, and is the recipient of an 
honorary Doctor of Laws degree from Upsala’ College. 

RALPH PORCES is Head of the Water Quality Branch of the 
Delaware River Basin Commission. He received a B.S. 
in Chemical Engineering from Rutgers University in 
1936 and spent four years as a Research Fellow at the 
University of North Carolina. He was with the U.S. 
Public Health Service for 26 years, specializing in 
stream pollution and plague and typhus control. He is 
a holder of the William D. Hatfield Award of the 
Water Pollution Control Federation. 

LESLIE h4. REID is Professor and Head of the Department of 
Recreation and Parks a t  Texas A&M University. 
He received a B.S. in Forestry from the Michigan 
Technological University in 1951, an h4.S. in Resource 
Development from Michigan State University in 1955, 
and a Ph.D. in Conservation in 1963 from the Uni- 
versity of Michigan. His major research interest is in 
natural resources planning. He is consultant with the 

National Park Senice and a past-president of the 
Society of Park and Recrcation Educators. 

MICHAEL B. SOKKEN is a Senior Engineer wi th  \\:ater Re- 
sources Engineers, Inc. i n  Walnut Creek, California. 
He received a B.E. in Civil Engineering at \:andcrbilt 
University in 1962, an h4.S. i n  Sanitary Engineering i n  
1965, and a Ph.D. in Sanitary Engineering in 1967, 
both from the University of Illinois. His major research 
interest is the evaluation of costs and benefits accruing 
to \cater users supplied with various qualities of watcr. 

ROBERT 0. SYLVESTER is Professor and Head, Ilivision of 
\Vatcr and Air Resourccs, Department of Civil En- 
ginecring, University of Washington. He rcccivccl a 
B.S. i n  Civil Engineering from Harvard University i n  
1941. His teaching, research and profcssional interests 
have centered around water quality, \cater supply, 
and \vater resources-quality managcmcnt. 

C. M~ILLIAXI THREIKEK is Administrative Assistant, Depart- 
ment of Natural Resourccs, State of Wisconsin, hladi- 
son. He is also acting assistant director of thc Bureau of 
Fish h4anagement in the Dcpartment of Natural 
Rcsources. He received 1;;s B.S. degrcc from thc Uni- 
versity of \\:isconsin, and his h4.S. i n  public administra- 
tion from Harvard University. Hc specializes in  rough 
fish problems i n  Wisconsin, population dynamics of 
largemouth bass, lake use studics, \vild rivers planning, 
and access site utilization and developmcnt. 

Panel On Public Water Supplies 

RUSSELL F. CHRIST~IAN is Director, Division of Environ- 
mental Affairs and Profcssor of Applied Chemistry at 
the Universit) of IVasIiington. He rrreived a n  h4.S. i n  
1960 and a Ph.D. in 1962 i n  Chemistry from the Uni- 
versity of Florida. His major research activities involvc 
the identification of organic materials i n  natural 
water systems. 

PAUL D. HANEY is a member of the firm of Black h Veatch, 
Consulting Engineers, Kansas City, hlissouri. Hc  re- 
ceived a B.S. degree in Chemical Engineering from 
the University of Kansas in  1933, and a n  h4.S. degree in 
Sanitary Engineering from Harvard University in 
1937. He is a diplomate of the American Academy of 
Environmental Engineers and a past-president of the 
Water Pollution Control Federation. 

ROBERT C. MC\VHIKNIE, Chief of Planning and Resource 
Development, Board of M‘ater Commissioners, Denver, 
Colorado. He received a B.S. degree in civil enginecr- 
ing from the University of Wyoming and has taken 
advanced courses in sanitary engineering from the 
University of Colorado. He is Director of the h4ctro- 
politan Denver Sewage Disposal District and chairman 
of the Technical Advisory Committee on Urban Flood 
Control. He specializes in odor, temperature, and phe- 
nolic compounds in public water supplies. 



HENRY J. OKCERTH is Chief of the Bureau of Sanitary 
Engineering, State Department of Public Health, 
California. He received a B.S. degree from University 
of California (Berkeley) in civil engineering (sanitary 
option) in 1935 and an M.P.H. in 1950 from the Uni- 
versity of Michigan. He was a member of the advisory 
committee of the 1962 revision of the Public Health 
Service Drinking Water Standards and chairman of 
the Public Advisory Committee presently working on 
the 1972 revision of the Drinking Water Standards. 
He is a member of the American Academy of Environ- 
mental Engineers and a specialist in fluorides, chlorides, 
and sulfates in water. 

RANARD J. PICKERING is Chief of the Quality of Water 
Branch, Water Resources Division, U.S. Geological 
Survey at Washington, D.C. He received an A.B. with 
Highest Honors in 1951 and an M.A. in 1952 from 
Indiana University, and a Ph.D. from Stanford Uni- 
versity in 1961, all in Geology. His specialties are low 

clides in fluvial environments. 
JOSEHP K. G. SILVEY is Distinguished Professor, Chairman 

of Biological Sciences, and Director of the Institute 
for Environmental Studies at  North Texas State Uni- 
versity, Denton. He received his B.S. from Southern 
h,lethodist University in 1927, his M.A. in 1928 and 
his P1-i.D. in Zoology from the University of Michigan 
in 1932. He is a specialist in eutrophication and in reser- 
voir ecology with reference to the effect of micro- 
organisms on taste and odors. 

.J. ED\VARD SINCLEY is a Professor in the Department of 
Environmental Engineering Sciences at the University 
of Florida. He received his B.S. and M.S. degrees in 
Chemistry from Georgia Institute of Technology in 
1950 and 1952, respectively, and his Ph.D. degree in 
Water Chemistry from the University of Florida in 
1966. He is a specialist in the chemistry of water and 
wastewater treatment. 

RICHARD L. WOODWARD is Vice President of Camp Dresser 
8i McKee Inc., consulting engineers in Boston, Massa- 
chusetts. He received a B.S. in Civil Engineering from 
Washington University, St. Louis, Missouri, in 1935, an 
M.S. in Sanitary Engineering from Harvard Univer- 
sity in 1948, and a Ph.D. in Physics from the Ohio 
State University in 1952. He specializes in water 
quality problems and water and wastewater treatment. 

:ernperr”t’.?re geochemistry ?!IC! bph2vior of r2diExL- 

Panel on Freshwater Aquatic Life and Wildlife 

JOHN CAIRNS, JR. is University Professor of Zoology and 
Director of the Center for Environmental Studies, 
Virginia Polytechnic Institute and State University, 
Blackburg, Virginia. He received an A.B. from Swarth- 
more College in 1947, and an M.S. in 1949 and a 
Ph.D. in 1953 from the University of Pennsylvania. He 

is a specialist in the effects of stress upon aquatic 
organisms. 

CHARLES C. COUTANT is Project Supervisor of Thermal 
Effects Studies in the Environmental Sciences Division 
of Oak Ridge National Laboratory, Oak Ridge, Ten- 
nessee. He received his B.S., M.S., and Ph.D. degrees 
in Biology from Lehigh University in 1960, 1962, and 
1965, respectively. A general aquatic ecologist by 
training, he spccializes in man’s impacts on aquatic 
life, through impoundments, pesticides, general in- 
dustrial pollution, and thermal additions. 

ROLF HARTUNG is Associate Professor of Environmental 
and Industrial Health at  the School of Public Health 
at the University of Michigan in Ann Arbor. He re- 
ceived a B.S. in  1960, an M.W.M. in 1962, and a Ph.D. 
in 1964 in Wildlife Management from the University 
of Michigan. He is a specialist in toxicology, and his 
interests include diseases produced by toxicants in 
man and wildlife. 

Hc)~.ME E. J ~ ~ N S Q N  1% Assnrinte Prnfeasnr nf Fisheries and 
Wildlife at Michigan State University. He received a 
B.S. degree from Montana State University in 1959, an 
M.S. in 1961, and a Ph.D. in Fisheries in 1967 from 
the University of Washington. His major research in- 
terests are the effects of toxic materials on aquatic life 
and the distribution of biocides in aquatic systems. 

RUTH PATRICK is Chairman and Curator of the Department 
of Limnology of the Academy of Natural Sciences of 
Philadelphia. She received a B.S. degree from Coker 
College in 1929, and M.S. and Ph.D. degrees from the 
University of Virginia in 1931 and 1934, respectively. 
She is also Adjunct Professor at the University of 
Pennsylvania. In 1971 she was appointed a member of 
the Hazardous Materials Advisory Committee of the 
Environmental Protection Agency, and a member of 
Governor Shapp’s Science Advisory Committee in 
1972. Her research is on the structure and functioning 
of aquatic communities of rivers and estuaries with 
particular interest in diatoms. 

LLOYD L. SMITH, Jr. is Professor, Department of Entomol- 
ogy, Fisheries, and Wildlife, University of Minnestoa 
at St. Paul. He received his B.S. degree from the 
University of Minnesota in 1931, his M.S. degree in 
1940, and his Ph.D. degree in 1942 from the University 
of Michigan. His areas of expertise are fishery dynam- 
ics, effects of water quality on fish production, and 
aquatic biology. He has been chairman of ORSANCO 
aquatic life advisory committee since its formation. 

T n u u  -. . E. C D D A C I I C  - - . . . . - - - is - A c c n c i a t P  --_ - - .- . - - Prnfmgnr . . - . in !hp nrpnrtmpnt 
of Zoology at the University of Guelph, Ontario. He 
received a B.Sc. in 1953 from the University of Western 
Ontario with the University Gold Medal and an M.A. 
in 1954 and a Ph.D. in 1959 in Zoology from the Uni- 
versity of Toronto. He served on the Fisheries Research 
Board of Canada, studying effects of pollution on 
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aquatic organisms. He is a specialist in biological ef- 
fects of mine wastes and heavy metals and in methods 
of bioassay with aquatic organisms. 

Panel on Marine Aquatic l i fe and Wildlife 

RICHARD T. BARBER is Associate Professor (Zoology and 
Botany) at  Duke University and Director of the 
Cooperative Research and Training Program in 
Oceanography at  Duke University Marine Labora- 
tory. He received a B.S. degree from Utah State Uni- 
versity in 1962 and a P1i.D. in Oceanography from 
Stanford University in 1967. His major research ef- 
fort is in the Coastal Upwelling Ecosystems Analysis 
program, and his specialties include growth of phyto- 
plankton in nutrient-rich systems, microbial oxidation 
of organic matter in seawater, and organic-metal in- 
teractions in marine systems. 

JAMES H.  CARPENTER is an Associate Professor in the De- 
partment of Earth and Planetary Sciences at The  Johns 
Hopkins University. He is presently on leave at the 
National Science Foundation as Head, Oceanography 
Section, Division of Environmental Sciences. He  re- 
ceived a B.A. with a major in chemistry and a minor in 
biology from the University of Virginia in 1949, and an 
M.S. in 1952 and a P1i.D. in 1957 in Oceanography 
from The Johns Hopkins University. His research con- 
cerns the physical, chemical and biological processes 
that influence nutrient and metal concentrations in 
estuarine and coastal waters. 

L. EUGENE CRONN is Director of the Chesapeake Biological 
Laboratory, h’atural Resources Institute, University 
of Maryland, College Park. He received his A.B. from 
Western Maryland College in 1938 and his M.S. in 
1942 and P1i.D. in 1946 in Biology from Maryland 
1 u:, ,..%a,.:,.l,:n” -..- ̂ ” .__-_ :-- - - - I  - . - I  
v .... “‘0“) .  * . L a  a y L L ‘ ‘ L I L 8 L a  CIIL L.J,Ucl‘lllF FLUIU~)  d l l U  

the physiology and population dynamics of marine in- 
vertebrates. 

HOLGER W. JANNASCH is Scnior Scientist a t  the Woods Hole 
Oceanographic Institution in \\roods Hole, Massa- 
chusetts, where he heads the program in Marine Ecol- 
ogy at the h4arine Biological Laboratory. He received 
his P1i.D. in General Microbiology at  the University 
of Gottingen, Germany. His field of research is the 
physiology and ecology of aquatic microorganisms. 

G. CARLETON KAY is Associate Professor at The  Johns 
Hopkins University, Baltimore, Maryland. He received 
a Ph.D. degree in Zoology from Columbia University 
in 1960. Currently he is also a research associate at the 
Smithsonian Institution National Museum of Natural 
History in conjunction with the Marine Mammal 
Program of the International Biological Program under 
support of the National Science Foundation. He is an 
authority on physiological ecology, acoustics, and be- 
havior of marine mammals. 

THEODORE R. RICE is Director of the Atlantic Estuarine 
Fisheries Center, National h4arine Fisheries Service, 
Beaufort, North Carolina. He  received his A.B. from 
Berea College in 1942, and his M.S. in 1947 and Ph.D. 
in 1949 in Biology-Ecology from Harvard University. 
His fields of research are radioecology, estuarine ecol- 
ogy, and environmental contaminants. He served on 
the National Academy of Sciences Committee that 
prepared “Radioactivity in the Marine Environment.” 

ROBERT W. RISEBROUCH is an Associate Research Ecologist 
at  the Bodega Marine Laboratory of the University of 
California. He received an A.B. in Zoology from Corncll 
University in 1956 and a P1i.D. in h4oleeular Biology 
from Harvard University in 1962. His principal research 
interest is the pollution ecology of coastal \caters. 

MICHAEL \YALDICHUK is Program Head, Pacific En\.iron- 
mcnt Institute, West Vancouver, British Columbia. 
He received a B.A. in Chemistry in 1948 and an h4.A. 
in 1950 from the University of British Columbia, and 
a P1i.D. in Oceanography in 1955 from the Univcrsity 
of Washington. From 1954 to 1969, he specialized in 
oceanographic studies related to marine pollution 
problems while with the Fisheries Research Board’s 
Biological Station in Nanaimo. He  is Chairman of the 
Ih lCO/FAO /UNESCO /\YMO/M’HO / IAEA / U N  
Joint Group of Experts on the Scientific Aspccts of 
Marine Pollution (GESAMP). 

Panel on Agricultural Uses of Water 

HENRY V. ATHERTON is Professor of Dairy Industry and 
Dairy Bacteriologist in the Animal Sciences Dcpart- 
ment at the University of Vermont and the Vermont 
Agricultural Experiment Station. He received his B.S. 
degree and his M.S. degree from the University of 
Vermont in 1948 and 1951, respectively, and his 
F;i.D. i i i  Dairy Tcciinoiogy and Biochemisrry from 
the Pennsylvania State University in 1953. His research 
interests are in milk quality as influcnced by bulk 
milk cooling on farms, farm water supplies, and dairy 
sanitation. 

ROBERT D. BLACKBURN is at the Agricultural Research 
Station, U.S. Department of Agriculture, Plantation 
Laboratory, Ft. Lauderdale, Florida. He  graduated 
from Auburn University in 1959 with an M.S. in 
Botany. He  is an authority on aquatic weeds and a 
consultant to the U.S. Navy, FAO, and the Puerto 
Rican Water Resources Authority. He  is editor of 
Hyacinth Control Journal. 

PETER A. FRANK is Research Plant Physiologist with the 
Agricultural Research Service of the U.S. Department 
of Agriculture. He  received a B.S. in 1952, an M.S. in 
1953, and a Ph.D. in Plant Physiology and Biochem- 
istry from Michigan State University I n  1955. His 
interests are the physiology, ecology, and management 
of aquatic vegetation. 
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VICTOR L. HAUSER is an Agricultural Engineer, U.S. Water 
Quality Management Laboratory, Agricultural Re- 
search Service, U.S. Department of Agriculture, 
Durant, Oklahoma. He  received his B.S. from Okla- 
homa State University in 1952 and his M.S. in Agri- 
cultural Engineering from the University of California 
in 1957. He is a specialist in water conservation in 
agriculture and in ground water recharge. His current 
research is in the field of water quality management. 

CHARLES H. HILL, JR. is in the Poultry Department, North 
Carolina State University, Raleigh. He  received his 
B.S. in 1948 from Colorado ABcM College, and his 
M.S. in 1949 and his Ph.D. in Nutrition Chemistry in 
1951 from Cornell University. His specialties include 
nutritional requirements of poultry and the roll of 
nutrients in disease resistance. 

PHILIP C. KEARNEY is Leader of the Pesticide Degradation 
Laboratory, Agricultural Environmental Quality In- 
stitute, National Agricultural Research Center, Belts- 
ville, Maryland. He received his B.S. from the Uni- 
versity of Maryland in 1955, his M.S. in 1957 and his 
Ph.D. in Agriculture from Cornell University in 1960. 
His research interests are in the environmental impli- 
cation of pesticides and their biochemical transforma- 
tion. 

JESSE LUNIN is currently the Environmental Quality Special- 
ist on the Xational Program Staff of the Agricultural 
Research Service. He received a B.S. in Soil Science 
from Oklahoma State University in 1939, an  hl.S. in 
1947 and a Ph.D. in 1949 from Cornell University in 
Soil Chemistry. His research interests are soil-water- 
plant relations and water quality and waste manage- 
ment. 

LEWIS B. KELSON is Manager of the Ofice of Agricultural 
and Chemical Development, Teneessee Valley Author- 
ity, Muscle Shoals, Alabama. He received a B.S. in 
Agronomy at the University of Idaho in 1936, an M . S .  
i n  1938 and a Ph.D. in 1940 in Soil Science at the 
University of \Visconsin. His interests are soil and 
water conservation research, soil fertility, and fertilizer 
technology. He is head of TVA’s Kational Fertilizer 
Development Center. 

OSCAR E. OLSON is Professor and Head of the Esperimental 
Station, Biochemistry Department at  South Dakota 
State University, Brookings. He received his B.S. degree 
in 1936 and his M.S. degree in 1937 from South Dakota 
State University, and his Ph.D. in Biochemistry in 
1948 from the University of \\kconsin. His research 
interests are selenium poisoning and nitrate poisoning. 

PARKER F. PRATT is Professor of Soil Science and Chairman 
of the Department of Soil Science and Agricultural 
Engineerjng, University of California, Riverside. He 
received his B.S. degree from Utah State University 
in 1948 and his Ph.D. in Soil Fertility from Iowa State 
University in 1950. He is a specialist in long-term ef- 

fects of irrigation on soil properties and crop produc- 
tivity, quality of irrigation waters, and nitrates and 
salts in drainage waters. 

GLENN B. VAN NESS is Senior Veterinarian, Animal Health 
Diagnostic Laboratory at Beltsville, Maryland, APHIS, 
U.S. Department of Agriculture. He received his 
D.V.M. from Kansas State University in 1940. His 
special interests are in the ecology of infectious disesaes 
of livestock, and he has published studies of ecology of 
anthrax and bacillary hemoglobinuria. 

P a n e l  on lndustiol Water Supplies 

IRVING B. DICK is a consulting chemical engineer. He re- 
ceived his BSE in Chemical Engineering from the 
University of Michigan in 1926, and after 42 years 
with Consolidated Edison Company of New York he 
retired in 1968 as Chief Chemical Engineer. His in- 
terests are fuel oil additives, fuel combustion, and water 
treatment for uses in power generation. 

CHARLES C. DINKEL is the Director of Field Services of 
Drew Chemical Corporation, Parsippany, New Jersey. 
He received a B.S. in Chemistry from Wagner College 
in 1948, and an k1.S. i n  Oceanography from the Scripps 
Institution of Oceanography at  LaJolla in 1951. He is 
a member of the American Chemical Society and a 
specialist in water and wastewater treatment. 

MAURICE C. FUERSTENAU is Professor and Chairman of the 
Department of hletallurgical Engineering at  the South 
Dakota School of Mines and Technology. He received 
his B.S. from the South Dakota School of Mines and 
Technology i n  1955, and an h4.S. in  1957 and a Doctor 
of Science in IMetailurgy in iY6i from the Massachu- 
setts Institute of Technology. He is a specialist in inter- 
facial phenomena and estractive metallurgy. 

ARTHUR \v. FYSK is a Senior Consultant in the Engineering 
Service Division, Engineering Department, of E. I. 
duPont de Nemours & Company. He received a B.S. 
in Civil Engineering in  1950 and an  M.S. in Sanitary 
Engineering in 1951, both from the Massachusetts 
Institute of Technology. He  is a specialist in  industrial 
water resources and treatment. 

GEORGE J. HAIVKS, Jr. has been Manager-Environmental 
Protection for the Chemicals and Plastics Group of 
Union Carbide Corporation since 1968. He received a 
B.S. degree in Mechanical Engineering from Princeton 
University in 1942. 

WILLIAM A. KEILBAUGH is Manager of Research and De- 
velopment of the Cochrane Division of Crane Co., 
King of Prussia. Pennsylvania. He received an A.B. in 
Chemistry from Allegheny College, Meadville, Penn- 
sylvania i? 1939, and is a specialist in water and waste- 
water treatment. 

JAhrES C. LAMB 111 is Professor of Sanitary Engineering at  
the University of North Carolina, Chapel Hill. He 
received a B.S. in 1947 from Virginia Miiitary Institute 
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and an M.S. in 1948 and an Sc.D. in 1953 in Sanitary 
Engineering from the Massachusetts Institute of Tech- 
nology. His research specialties include treatment pro- 
cesses for industrial wastes and water quality manage- 
ment. 

JAMES K. RICE is President and General Manager of Cyrus 
Wm. Rice Division of NUS Corporation, a firm of 
consulting engineers and scientists. He received his 
B.S. and M.S. in Chemical Engineering from Carnegie- 
Mellon University in 1946 and 1947, respectively. His 
field of expertise is industrial water and wastewater 
treatment and reuse. 

J. JAMES ROOSEN is Director of Environmental Studies for 
the Engineering Research Department of The Detroit 
Edison Company, Detroit, Michigan. He received his 
B.S. in Chemical Engineering in 1959 from the Uni- 
versity of Detroit where he also conducted graduate 
studies. His expertise is in water systems engineering 
and research as applied to the electric utility industry. 

ROBERT H. STEWART is a partner of Hazen B Sawyer, 
New York City, a firm offering engineering services in 
management of water resources. He  received his A.B. 
from Harvard College in 1953, his M.S. in 1958 and 
M. Eng. in 1959 from Harvard University. His special- 
ties are the design and management of water supply 
systems for industries and public utilities. 

SIDNEY SUSSMAN is technical director, Water Treatment Dc- 
partment, Olin Corporation. He received a B.S. in 
Chemistry from Polytechnic Institute of Brooklyn in 
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1934 and a Ph.D. in Chemistry from the Massachusetts 
Institute of Technology in 1937. He  is a specialist in 
industrial water technology and accredited as a Cor- 
rosion Specialist by the National Association of Cor- 
rosion Engineers. He  is the author of the chapter on 
water for cooling and steam generation in the Ameri- 
can Water Works Association's handbook and serves 
on the Association's Committee on Standard Methods. 

CHARLES H. THORBORC is associated with Gulf Degremont, 
Inc., Liberty Corner, New Jersey. His B.S. degree in 
Mechanical Engineering was received in 1961 from 
Fairleigh Dickinson University, Rutherford, New 
Jersey. For the past ten years he has been concerned 
with water and wastewater treatment. 

BERNARD J. WACHTER is with WAPORA, Inc., IVashington, 
D. C. He is a biophysicist specializing in industrial 
water treatment. Prior to joining WAPOR.4, he was 
editor of the journal, Industrial M'aier Engineering. 

WALTER J. WEBER, JR. is Professor of Environmental and 
Water Resources Engineering and Chairman of the 
University Program in IVater Resources at the L'niver- 
sit)- of Michigan at Ann Arbor. He  received a Sc.B. in 
Engineering from Brown Universit) i n  1956, an hl S.E. 
in Sanitary Engineering from Rutgers University in 
1959, an A.hl. in Applied Chemistry in 1961 and a 
P1i.D. in Water Resources Engineering in 1962 from 
Harvard University. His professional interests are in 
municipal and industrial water and waste treatment 
and the chemistry of natural waters. 
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Zinc-copper reactions, 240 

Atomic energy installations 
Radiation-aquatic life relationships, 273 

Au Sable River, 14 
Australia 

Atlantic Coast 

Atlantic coast streams 

Atlantic salmon 

Water use 
Livestock, 307 

Ayfhya afinfinrs, 195 
Aythya americana, 195, 228 
Aythya collaris, 228 
Ayfhya oalisnnia, 195, 228 

BOD (see also biochemical oxygen demand), 

BOD test 
55, 330 

Effluent quality, 55 
Sewage treatment measurement, 55 

BOD5 (5-day Biochemical Oxygen Demand 

Bacillus, 438 
Bacillus anthracis, 322 
Back Bay, Virginia 

Aquatic plant production, 194 
Silt deposits, 195 

Coliform index, 58 
Public water supply, 57 
Rad tolerance, 272 

test), 275 

Bacteria 

Bacterial pathogen detection, 276 
Baha. California 

Sedimented oils, 145 
Tampico Maru spill, 258 

Bald Eagle 
Dieldrin accumulation effects, 227 

Bankia srtacia, 243 
Ballanus ballanoides, 261, 255 I 

Baltimore, Maryland 
Urban streams, 40 

Banana waterlily 
Waterfowl food, 194 

Barium 
Adverse physiological effects, 59 
Dust inhalation, 59 
Human dosage, 59 
Industrial use, 243 
Injection-toxic effects, 59 
Muscle stimulant, 59 
Nerve block, 59 
Public water supply, 59 
Solubility, 59 
Vasoconstriction, 59 

Barium chloride 
Bioassays, 244 

Barnacles 
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Chlorine tolerance, 247 
Silver toxicity, 255 

Bacteriological standards, 30 
Long Island Sound, 31 

Bathing places 
Diseases, 29 
Water quality, 29 

Chemical quality, 33 
Contamination, 29 
Fecal coliform index, 31 
Illness incidences, 31 
Meningoencephalitis, 29 
Water quality requirements, 30 

Nonthermal discharge distribution 

Bathing beaches 

Bathing waters, 29 

Bays 

Mathematical *el, 403 
Beach quality 

Bear River Migratory Bird Refuse 

Benthic communities 

Beryllium 

Jetties and piers, 17 

Cl. botulinum outbreak, 196 

Sediniented oils effects, 196 

Surface waters, 310 
Water solubility, 244 

Fruit crops, 329 
Bicarbonates 

Bilharziasis (schistosomiasis), 18 
Bikini 

Bioaccumulation of mercury, 172 
Bioassay design 

Biological characteristics, 236 
Bioassay evaluation, 121 
Bioassay methods 

Flow-through, 119 
Static, 11  9 

Bioassay procedures, 120 
Bioassay tests 

Bioassays 

Manganese radionuclide uptake, 251 

physio!ogical Frnccsses: 237 

Application factors, 121 
Aquatic life stages, 235 
Aquatic life tainting, 149 
Aquatic microorganisms, 235 
Chemical concentration, 123 
Continuous flow, 119 
Dissolved oxygen, 121 
Exposure effects, 236 
Laboratory experimentation, 119 
Lethal threshold concentrations, 122 
Long-term testing, 236 
Minnow mortality, 128 
Pollutants, 122 
Safe-lethal concentration ratios, 121, 122 
System design, 235 
Toxicant concentration, 121 
Toxicant mixtures 

Sublethal effects, 122, 123 

Long-term effects, 1 18 
Toxicity measurements, 118 
Toxicity tests, 121 

Toxicants 
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\.Vater quality, 118 
Water tainting, 149 

Biochemicaloxygendemand (swalso BOD), 34 
Biographical notes 
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Biological communities 

Canals, 171 
Embayments, 171 

Biological methylation, 172 
Biological monitoring program 

Bioassays, 11 6, 1 17 
Field surveys, 11 6 
In-plant, 116 
Simulation techniques, 116 

Biological treatment procedures 
Virus removal, 92 

Biological wastes 
Organic toxicants, 264 

Bionionitoring procedures, 120 
Biomphalaria glabrata, 18 
Bioresponses 

Long-tcrm testing, 236 
Biosphere 

Toxic organics hazards, 264 
Biota temperature deviations, 151 
Bird feathers 

Mercury concentrations, 252 
Bird life 

Chlorinated hydrocarbon pesticide tos- 

Lead ingestion effects, 228 . 

Mercury contamination, 198 
hlercury poisoning, 172 
PCB toxicity, 198 

Sea water, 244 

Mercuric chloride Icth;ility, 252 

Winter food requiremcnts, 195 

icity, 227 

Birds 

Bismuth 

Bivalve larvae 

Black duck 

Black flies-pH effects, 141 
Black Sea 

Black waters oxygen content, 132 
Blackfly larvae, 18, 22 
Bloodwornis (Chironomidar), 22 
Bluegill sunfish 

Antimony tolerance, 243 
Phosphorus toxicity, 254 

Yeast uranium uptake, 256 

Bluegills, 435, 437, 438 
Blue-green algae, 22 

Anabaena, 22 
Anabaena jlos-aquar, 31 7 
Aphanizommon @aquae, 31 7 
Coclosphaerium keutzingianum, 31 7 
Discharge canals, 171 
Gloeofrichia tchinulafa, 317 
Microcoleus uaginalus, 22 
M i c r o y s t i s  aeruginosa, 22, 31 7 
Nitrogen-sea water relationship, 276 
Nodularia spumigcna, 31 7 
Schizothrix calcicola, 22 
Toxicity, 317 

Blue-green algal 
Green Lake, Washington, 20 
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Lake Saininamish, Oregon, 20 
Lake Seb:sticook, hlaine, 20 
Lake \Vashington, Washington, 20 
Lake IVinnisquam, New Hampshire, 20 
Livestock water intake, 317 

Blue Inussel (Mytifiu edtrfis), 37 
Bluegills, 128 

:\roclor@ exposure, 177 
Aroclor@ toxicity, 176 
Cadmium lethality, 180 
Chromium toxicity, 180 
Hardwater-zinc toxicity, 182 
Hydrogen sulfide tolerance, 193 
hlalathion exposure effects, 185 
pH effects, 141 
Pesticide synergisis, 184 
Phthalate ester toxicity, 175 
Phenol toxicity, 191 
Softwater-zinc toxicity, 182 

Cadmium lethality, 180 

Irrigation water, 348 

Social aesthetics, 14 

Dredging effccts, 279 

I3lowdown, 378 
Cooling waters, 379 

Once-through, 376 
Eq 11 i p nien t darn age, 376 
Fcedwatcr, 377 
I-ligh-pressure, 376 
I-lent transfer equipment, 377 
Ion exchange, 376 
Ion exchange resins, 376 
Low-pressure, 376 
h1:ikeup trc:itnient processes, 379 
Oily matter, 376 
Once-through cooling 

Oxidants, 376 
Recirculated water 

Biological growths, 379 
Corrosion, 379 
Scale control, 379 

Bluegill sunfish 

Blythe, California 

Boating 

Boca Cieza Bay 

Boilers 

Underground aquifers, 377 

Recycling steam condensate, 378 
Regeneration, 376 
Scale-forming hardness, 376 
Silica, 376 
Waste water potential 

Biological organisms, 379 
Suspended solids, 379 

\Vater makeup, 378 
1Vater quality requirements, 376, 377 

Dissolved solids concentrate, 379 
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Boilers feed water quality requirements, 379 
Boric acid 

hlinnow fatality, 245 

Groundwater, 310 
Natural waters, 310 

Boron 

Public water supply, 59 
Sea water, 244 

Boston 
Oil pollution, 145 

Bot an icals 
Recommended concentrations, 187 

Bottled and canned soft drinks 
Description of industry, 392 
Water composition, 393 
\Vater quality indicators, 392 
\Vater quality requirements 

\Vater reuse, 392 
\Vater softening processes, 393 
IVater treatmcnt processes, 393 
Water use 

Point of use, 393 

Consumption, 392 
Discharge, 392 
Intake, 392 
Recycle, 392 

IVater use processes, 392 
Bottom fauna 

Sunken oil effects, 262 
Bottom materials resuspension 

Nutrient fertilization occurrence, 281 
Toxic inaterials release, 281 

Hydrogen sulfide content, 256 
Oil degradation, 262 

Botulism 
Bird mortality, 197 

Botulism epizootic areas, 196, 197 
Botulism poisoning, 196 
Boundary waters canoe area, 13 
Brachjdanio rrrio, 435 
Brackish waters 

Branla Canadensis, 228 
British Columbia 

Bromine 

Brook trout, 437 

Bot tom scdi men ts 
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Irrigation water contaminates, 349 

\Vater taste effect, 245 

Chromium chronic effects, 180 
Copper-reproduction effects, 180 
Hard water 

LCSO values, 181 
hlercury toxicity, 173 
hlethylmercury content, 173 
Oxygen requirements, 131 
pH effects, 141 
Softwater 

lVater temperature-mortality relations1 
LCSO values, 181 
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Brown pelican 

Heavy metals pollution, 226 
PCR+hrll thinnine rrlatinI?_chIp, 226 
Reproductive failure, 197 
Shell thinning-DDE relationship, 227 

Brown trout (Salmo fruffa), 27 
p H  effects, 141 

Brownsville Ship Channel 
Spoil deposits, 279 

Burbot 
p H  effects, 141 

Burea of Land IManagement, 9 
Bureau of Outdoor Recreation, 9, 10 
Bureau of Reclamation, 9 
Bureau of Sport Fisheries and Wildlife, 9 
Di-n-butyl phthalate 

Buzzards Bay 
Toxicity to fish, 175 

Fuel oil spill, 258 

CAM (Carbon absorption method), 75 
CAM sampler 

Low-flow, 75 
High-flow, 75 

Carcinogenic properties, 75 
Drinking water, 75 
Water quality measurement, 75 

CCE (Carbon-chloroform extract), 75 

C O D  (Chemical Oxygen Demand), 275, 330 
Cabot tern 

Caddis flies 
Oily water effects, 196 

pH effects, 141 
Iron effects, 249 

Caddo Lake, Texas, 26 
Cadmium 

Absorption effects 
Ruminants, 310 

Cardiovascular disease, 60 
Cumulative poison, 179 
Drinking water, 310 
Electroplating plants, 60 
Ground water, 310 
Itai-itai disease, 245 
Fish poisoning, 179 
Hepatic tissue, 60 
Mammal poisoning, 179 

Pesticides, 245 
Poisoning, 60 
Public water supply, .60 
Renal tissue, 60 
Shell growth effects, 246 
Toxicity, 60, 310 
Water pollutant, 245 
Zinc smelting by-product, 239 

Public water supply, 60 

Xzi"iak w-aiei's, 3i0 

Cadmium concentration . 

Calanus, 261 
California 

Agriculture waters 

Aquatic animal introduction, 28 
Fish fauna, 27 

Lithium toxicity, 344 
California coastal watem 

Cadmium level, 246 
na -______ - c -  
I.* ...C", y C"L.,L.IL, &a& 

Climatic effects, 333 
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California current, 32 
California Fish and Game Commission, 28 
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Cambarus, 173, 176 
Canada 
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Canada Geese 

Canadian prairies 
h a d  ingestion effects, 228 

Fish contamination, 240 
Mercuries in birds, 251 
Mercury in fish, 251 

Cooling water, 171 
Herbicides content, 347 
Plant growth; 23 

Lead ingestion effects, 228 
Winter food requirement, 195 

Coastal waters-temperature effects, 238 

Canals 

Canvasback 

Cape Cod, Massachusetts 

Corossius ouralus, 141, 181, 187, 193, 244 
Carbamate insecticides 

Mammalian toxicity, 78 
Recommended concentrations, 186 

Carbon dioxide in water, 139 
Carcinus marnus, 247, 248 
Carp (Cyprinus carpis), 27 

Ammonia exposure effects, 187 
Arsenic toxicity, 243 
Flavor impairing contaminants, 149 
Flavor tainting, 147 
Iron lethality threshold, 249 
pH effects, 141 

Casrnrrodius albus, 227 
Cas/alia jlaua, 194 
Castle Lake, 23 
Catfish 

Cation-anion exchange, 375 
Cation exchange, 375 
Ca/oston~tis commrrsonni, 193 

pH effects, 141 

. Cattail 

Cattle 
pH effects, 141 

Drinking water 

h4olybdenum tolerance, 314 
1 cart iuxicuris, 3;; 
Water needs, 304, 305 

Arsenic-selenium relationship, 240 

Sodium chloride content, 307 

-.. 
Cattle feed 

Caturnix, 226 
Cement industry 

Description, 395 
Water leaching 

Water leaching processes, 395 
Water quality requirements, 395 
Water use, 395 

Oxide-bearing particulates, 395 

Ccra/ophyllum, 24 
Ccrcarioc, 322 
Cncario stognicolac, 19 
Channel catfish, 128, 435, 437 

Phthalate ester toxicity, 175 
Flavor-impairing contaminants, 149 

Chattahoochee River, 305 
Chemical and allied products 

Industry description, 384 
Manufacturing facilities, 384 
Plant locations, 384 
Process water usage, 385 

Treatment processes 
Chlorination, 385 
Clarification, 385 
Demineralization, 385 
Filtration, 385 
Ion exchange, 385 
Raw water, 385 
Softening, 385 

Water quality, 384 
Indicators, 384, 385 

Water quality requirements 
Low turbidity, 384 

Water use, 384 

Process water intake, 384 
Chemical and allied product industry 

Chemical-environmental interaction, 239 
Chemical industry 

Process water characteristics, 384 
Chemical treatment procedure 

Virus removal, 92 
Chesapeake Ray, 19 

Dredging effects, 279 
Eurasian milfoil, 27 
Ferric hydroxide content, 249 
Nitrogen content effects, 281 
Phosphates contents effects, 281 
Spoil biomass, 279 

Water salinity intake, 308 

Aquatic animal introduction, 28 
Dermatological manifestations, 56 

Fishery management, 441 
Seaweed culture, 223 

Ammonia concentrations, 242 
Cadmium-zinc effects, 246 
Chlorine lethal threshold, 246 
Chromium toxicity, 180 
Gas bubble disease, 138, 139 
Gill hyperplasia-ammonia relationship, 

Chicks 

Chile 

China 

Chinook salmon 
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Chironornus plurnosw, 435 
Chlorrlla pycnoidosa, 245 
Chlortlla Spp, 438 
Chlorides 

Foliar absorption, 328 
Fruit crops sensitivity, 328 
Irrigation water, 328 
Public water supply, 61 

Chlorinated hydrocarbons 
Insecticides, 318 

Human intake, 77 
Water solubility, 318 

Pesticides, 197 

Bacteria resistence, 277 
Virus resistence, 277 

Aquatic organisms tolerance, 247 
Hydraulic systems, 246 
Paper mill treatment, 189 
Potable water treatments, 189 
Power plant treatment, 189 
Sewage effluents treatment, 189 

Chlorination 

Chlorine 
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Textile mill treatment, 189 
Toxicity, 246 
Water solubility, 246 

Public water supply, 50 
Chlorine disinfectant 

Chlorine-pH relationship, 246 
Chlorine pollutants 

Chlorophenoxy herbicides 
Aquatic organism toxicity, 247 

Public water supply, 78, 79 
Recommended safe levels, 79 ' 

Toxicity, 79 
Chlorophyll a, 21 
Chlorosis, 329 
Chromium 

Drinking water 

Freshwater organisms srnsitivity, 247 
Human toxicity. 62 
Lake waters, 31 1 
Oyster mortality, 247 
Public water supply, 62 
River waters, 31 1 
Valence forms, 62 

Chrysaora qii inqiircir iho 

Chesapcake Rny ,  19 
Cladophora, 20, 124 
Clams 

Clarias ba/rorhrrs, 28 
Clarification, 372 

Clear Lake, California 

Ruminants use, 31 1 

Disease vectors, 36 

Chemical additives, 372 

Pesticides 
Trophic accuniulation, 183 

Brown shrimp production, 279 
\Yhitc shrimp production, 279 

Agriculture waters, 333 
Humid-arid regional differences, 336 
Irrigation waters, 333 

Evapotranspiration, 336 

Clear Lake, Texas 
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Clos/ridium, 321 
CIos/ridiunr bo/ulinuni,  196 
Clos/ridiurri hrrno!v/iunr, 321 
Clos/ridium prrjrigpris, 321 
Clos/ridium trlanic, 321 
Coagulation process 

Public water supply, 50 
Coastal contaminants, 264 
Coastal engineering projects 

Sedimentation, 279 
Suspended loads, 279 

Coastal environment 
Contaminants, 217 
D D T  compound pollutants, 226 

Coastal marine environment 
Toxic wastes, 224 

Coastal marine waters 
Recreational activities, 219 
Shell fish yields, 219 

Coastal plain estuaries 
Oxygen depletion, 270 
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Coastal waters 
pollutant retention time, 230 

Cadmium content, 245 
Dissolved oxygen distribution, 270 
Eutrophy, 19 
hlarine fish production, 217 
Alarine life-oil contamination effects, 261 
Particulate materials content, 281 
Persistent pollutants, 225 
Pollutant retention time, 230 
Pollution effects, 222 
\\'astc disposal sites, 221 
\\'aste disposals, 228 
Zones of passage, 1 15 

Coastal zone in;inagenient 
Experiments, 282 

Cobalt 
Drinking water 

Surface waters, 31 1 
Vitaillin 1312, 31 1 

Cod 
Phosphorus tolvrnnre, 5<-l 

Cnrlo.iphaeriuirr hirrt;ingiurrrrrr~, 3 17 
Coho salmon (Onrorhvnrhrrs kisrrtch), 27 

Farin anini;ils use, 31 1 

AroclorO toxicity, 176 
Haririin chloride effects, 244 
Carbon clioxidc concentrations, 139 
Chloriiie lethal threshold, 246 
D D T  con t ntni n:i t ion, 2 37 
Dissolvcd osygcn requirements, 139 
Oxygen rcquircincnts, 132 
1'ot;issiiitii chroiiiate Icth:ility, 247 

Cadmitiin sensitivity, 180 
Coke production 

svater use, 388 
Coldwater fish 

Dissolved oxygcn criteria, 132 
Coliforln bacterin 

Public water supply 
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Sanitary quality, 37 
Colifortii indcx 

Pathogenic microorganisms, 58 
Color 

Public \*.:iter supply, 63 
Colorado reservoir 

Fish inortality-sclrnium effects, 255 
Colorado River, 14, 10 

Nenintode content, 318 
Colunibia Basin, \Vashington 

Irrigation waters: 348 
Columbia River 

Atomic energy installations, 273 
Gas bubble disease, 135 
Salmon spawning, 273 
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.Aquatic Organisms, 28 

Coninion egret 

Common tern 

Connecticut 

Dieldrin accuniulation effects, 227 

Heavy nietals pollution, 226 

Fish fauna, 27 
Osprey shell thinning, 227 

Contaminated waters, 322 
Continental shelf 

Solid waste disposal, 280 
\Vater quality-suspended solids relation- 

ship, 222 
Contincntal weathering, 251 
Conversion tables, 524-527 
Cooling ponds, 377 

Power plant discharge, 403 
Cooling systems 

Recirculating, 377, 378 
Cooling towper makeup 

Organic iiiatter removal, 378 
Cooling towers 

Operating difficulties, 378 
Cooling water, 377, 378 

Ciirii i;ug,ii separators, j i g  
Xoncorrosive, 379 
Nonfouling, 379 
Nonscaling, 379 
Recirculated, 376 
Recirculating rate, 378 
Rcquireinents, 377 
Source composition quality, 379 
Stream filters, 373 
Treatment processes, 379 

Cooling water cntraininent, 168 
Cooling water systems 

Copepods 
Cooling towers, 377, 378 

Chlorine cxposure, 246 
Crude oil cfTects, 261 
Diesel oil c*Kects, 261 

Algae controls, 247 
Dificiency in humans, 64 
Drinking water 

Poultry, 31 1 
Ground water, 64 
Human metabolism, 64 
Hunian toxicity, 31 2 
Lake waters, 31 1 
Nutritional anemia, 64 
Public water supply, 64 
River waters, 31 1 
Surface watcr, 61 
Swine, 312 
Trace element, 31 1 

Copper uses, 248 
Corbicula manilcnsis, 27 
Coregonus, 141 
Corrgonus artcdii, 164, 184 
Corcgonus cluprajormis, 164 
Coregonus h v i ,  184 
Corrgonus kjri, 184 
Corps of Engineers, 9 
Cotton bleaching, 380 
Crabs 

Arsenic toxicity, 243 

Copper 

Chroriiium toxicity, 247 
Copper effect, 248 
p H  sensitivity, 241 

Crappies, 128 
C ~ O S S ~ U S  aurofus, 245, 252 
Crossosfrca gigus 

Copper toxicity, 248 
Crassostrra uirginim, 246, 248, 250, 253, 255, 
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Crater Lake, Oregon, 16, 40 
Crayfish 

Aroclor@ toxicity, 176 
Manganese tolerance, 250 
Mercury content, 173 

Cricofopus bicincfus, 18 
Crop contamination 

Polluted irrigation waters, 348 
Raw sewage, 352 

Crop pathogens 
Fungi, 348 

Crops 
I-ierbicide residues, 347 
Herbicide tolerances, 346 
Insecticides residues, 346 
hlanganese toxicity, 344 

Aquatic life toxicity, 261 
Crude oil 

Crude oil production, 257 
Chopharpgodon idrlla, 27 
Culrx jatigons, 17 
Cultus Lake, British Columbia 

Currituck Sound, North Carolina 

Cyanide 

hlercury levels, 252 

Silt deposits, 195 

Chlorination, 65 
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Industrial waste concentrations, 189 
Oral toxicity, 65 
Public water supply, 65 
Temperature-toxicity effects, 190 

tnxiciy, 65 

Cyanide toxicity, 189 
Cylops ,  322 
Cyclolella manrghiniana, 22 
Cjprinus rarpio, 27, 141, 147, 149, 187, 243 

D D T  
Carcinogenic effects, 76 
Human exposure, 76 
Milk contamination, 320 

DNC (Dinitroorthocresol), 319 
D N O C  (See: UNC) 
Dairy sanitation, 302 

Daphnia, 122, 141, 173, 243, 250 
Chromium chronic effects, 180 
Nickel chloride threshold, 253 
Selenium threshnlrl, 255  
Uranium effects, 256 

Daphnia magna, 435, 438 
Bromine mortality, 245 
Cadmium sensitivity, 180 
Copper tolerance, 180 
Ferric chloride effects, 249 
Lead toxicity, 181 
Nickel sensitivity, 181 



PCB-reproduction effects, 177 
Phthalate ester toxicity, 175 
Reproduction-zonc effects, 182 

Daphnia Pulex, 438 
Daphnia sp., 256 

Daphnids, 435 
Deep sea 

Gas bubble disease, 138 

Manganese nodules, 250 
Organic waste disposal, 277 
Permanent thermocline, 217 
Solid wastes disposal, 280 

Deep sea dumping, 277 
Deep water deconiposition, 275 
Deep water-photosynthesis relationship, 275 
Defoliants 

Recommended concentration, 186 
Demineralization 

Cation exchange, 375 
Derniatological manifestations 

Chile, 56 
Detergents 

Phosphates, 191 
Toxicity, 190 
Detroit River 
Duck refuge, 195 
Sedimented oil, 145 

Cyanide toxicity, 190 
Cyrlolella mrnrghiniana, 22 
Gomphonrma porvulum, 22 
A4elosira unriarrs, 22 
Navicula cyplocrphala, 22 
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Shell fish fatality, 258 

Toxicants testing, 120 
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Diesel oil spill 

Dilution water 

Diquat (1 , 1 '-ethylene-Z,2'-dipyridylium di- 
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Discharge temperature, 378 
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Partial pressures, 135 

Dissolved gas-pressure criteria, 138 
Dissolved oxygen 
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Reservoirs, 65 
Public water supply, 65 

Public water supply, 90 

Thermal evaporation, 375 
Water condensation, 375 

Ferrous iron concentrate, 69 
Zinc taste threshold, 93 

Sewage contaminates, 351 

Dissolved solids 

Distillation 

Distilled water 

Ditch water 

Ditchbank treatment, 346 
Domestic wastes 

Phosphorus content, 22 
Dorosomo ccpcdianum, 139 
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Dracunculus, 322 
Dragonflies 

p H  effects, 141 
Drainagesoil erosion effects, 126 
Drainage waters 

Shell thinning-DDE relationship, 227 

Arid regions, 334 
Cadmium content, 245 

CCE, 75 
Arsenic content effects, 56 

Drinking water 
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Rats, 309 

Barium content tolerance, 59 
Cadmium content, 60, 310 

Carbamate insecticides, 78 
Cheniical content, 481, 482 
Chromium content, 62 
Copper content 

Farm animals use, 31 1 
Poultry, 31 1 

Animals use, 310 

Cyanide content, 65 
Fluoride content, 66 
Insecticide contamination, 76 
Insecticides content, 76 
Lead content 

Livestock, 31 3 
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Nitrates content, 31 5 
Nitrilotriacetate content, 74 
Nitrite content, 31 5 
Nitrite toxicity, 73 
Organoleptic properties, 80 
Organophosphorus insecticide, 78 
Pesticides content 

Lisestock, 31 9 
Radionuclide content, 85, 318 
Salinity, 195 
Selenium content, 86 

Farm animals, 31 6 
Rats, 316 

Sodium chloride content 
Cattle, 307 
Day-old poults, 306 
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Sheep, 307 
Swine, 307 

Sodium content, 86 
Sodium sulfate content, 307 
Sulfate ions content, 89 
TDS concentration, 90 
Vanadium content, 316 
Zinc content, 93 

Drinking water quality, 31 
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Ecological impact analysis 

Environmental characteristics 
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Hydrology, 400 
Scenery, 400 
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Water quality, 400 

Streams, 399 

Simulation techniques, 1 17 
Ecological problems 

Ecology. 300 
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Biota, 219 
Hydrographic patterns, 21 9 

Eggshell thinning-DDT relationship, 196 
Eel grass 

Eels 
Boron effects, 245 

Arsenic toxicity, 243 
hlanganese tolerance, 250 
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Electrical semiconductors 

Arsenic content, 243 
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Cationic membrane, 375 
Ion exchange, 375 
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Ground water 

Waste contamination, 31 0 
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Bathing waters, 29 
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187, 242, 246 

Nonthermal discharge distribution 
Mathematical model, 403 

Open ocean 
Fish production, 217 

Organic chemicals toxicity 
Marine system, 265 

Organic compounds 
Toxicity data, 484-509 

Organic matter-infaunal feeding habits re- 
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Organic toxicants 
Biological wastes, 264 
Industrial wasta, 264 
Pesticides, 264 
Sewage, 264 

Organic-carbon adsorbable public water 

Organochlorine pesticides 
Recommended concentrations, 186 

Organophosphate insecticides 
Recommended concentrations, 186 

Organophosphates 
Insecticides, 318 

Organo-insecticides 
Mammalian toxicity, 78 ' 

Organophosphorus insecticide 
Public water supply, 78 

Oriental oyster drill (7rifonal iajaponica) ,  27 
Organic water pollution 

Oscillaforia, 147 
Oscillaforia agardhi, 147 
Oscillaforia princeps, 147 
Oscillaforia rubcsrcm, 20 
Osprey 

Ottawa River, Ohio 

Outdoor Recreation Resources Review Com- 

Oviparous zebrafish, 435 
Ovoviviparous guppy, 435 
Oxidation ponds 

supply, 75 

Oxygen reduction, 133 

Mercury contamination, 252 

Sedimented oil, 145 

mission, 9 

Algal blooms, 144 
Phytoplankton, 144 
Primary productivity, 144 
Surface oils, 144 

Fish requirements, 131 
Oxygc11 

Oxygen content of water, 261 
Oxygen depletion, 274 
Oyster beds 

Oyster culture, 223 
Oysters 

DDT residue, 37 
Aluminum concentration, 242 
Arsenic content, 243 
Cadmium content, 245 
Chlorine sensitivity, 246 
Chromium tolerance, 247 
Copper toxicity, 248 
Disease vectors, 95 
Gill discoloration, 147 
Hydrogen sulfide lethality, 255 
Lead tolerance, 250 
Nickel concentrations, 253 
Silver concentration, 255 
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Water treatment, 301 

Sewage contamination, 277 
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PCB (polychlorinated biphenyls), 83, 175, 
198 

Chlorinated dibenzofurans, 176 
Contaminants 

Residues 

Toxicity, 175, 198 
Salmon eggs, 177 

PVC (polyvinyl chloride), 174, 175 
PH 

Acidity indicator, 140 
Alkalinity indicators, 140 
Fluctuation, 194 
Hydrogen inn activity, 140 
Public water supply, 80 

pH in soils, 339 
pH-metals relationships, 179 
pH-reedhead grass relationship, 194 
PI (precipitation index), 335 
PI-SAR equation, 335 
Pacific 

Pacific Coast 
Barium concentration, 244 

Gonyaulax confcnrlla, 38 
Temperature effects, 238 
Waste dumping, 278 

Precipitation, 333 
Pacific Northwest 

Pacific Ocean, 32 
Pacific salmon 

Chlorine tolerance, 246 
Gas bubble disease, 137 
Hydrogen sulfide bioassay, 255 
Hydrogen sulfide toxicity, 256 
Thermal tolerance, 137 

Manganese isotope concentrations, 251 

Arsenic content, 243 

Pacific testing grounds 
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Palacrnoncfcs kadiakcnsis, 435 
Palcornoncfcs, 176 
Panacus dcorarurn, 176 
Fandion izaiiucius, 227, 252 
Paper and allied products 

Industry description, 382 
Manufacturing processes 

Acid sulfite pulping, 383 
Building products, 383 
De-inking pulp, 383 
Groundwood pulp, 383 
Kraft and Soda pulping, 383 
Kraft bleaching, 383 
Neutral sulfite semichemical, 383 
Paper making, 383 
Prehydrolysis, 383 
Sulfite pulp bleaching, 383 
Waste paperboard, 383 
Wood preparation, 383 

Water processes, 383 
Water quality indicators 

Alkalinity, 383 
Color, 383 
Hardness, 383 

Iron, 383 
Turbidity, 383 

Aeration, 383 
Coagulation, 383 
Errosion control, 383 
Filtration, 383 
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Water treatment processes 

Ion exchange, 383 
pH adjustment, 383 
Plant location, 383 
Settling, 383 
Softening, 383 

Paper and pulp industry 
Water supply, 382 
Surface water use, 383 
Water intake, 382 
Water supply, 383 
Water use, 382 

Paper products consumption, 382 
Paraccnfrofus 

Paraccnfrofus liuidis, 252 
Parasitic organisms 

Particulate material 

Particulate material suspension 

Silver nitrate concentrations, 255 

Flukes, 322 

Detritus origin, 281 

Estuarine organisms responses, 281 
Marine organisms responses, 281 

Paseo del Rio, Texas, 40 
Pasfucrclla fulartmis, 321 
Pathogen source 

Pathogenic microorganisms, 276 
Pathogens in sea, 280 
Pccfcn nouazcflandicac, 246 
Pclagodrorna niuta, 246, 252 
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Pclccanirs occidcnfalis, 197, 226 
Pcnacus azfccus, 279 
Pcnacus scft'fcrus, 279 
Pcrca, 141 
Perca flaucrsccns, 149, 164 
Pcrca flauiafilis, 256 
Perch 

pH effects, 141 
Thallium nitrate content, 256 

Fecal contamination, 58 

Pere Marquette River, 14 
Perigrines 

DDE residue accumulation, 227 
Dieldrin accumulation effects, 227 
Shell thinning-DDE relationship, 227 

Reproductive failures, 197 
Peregrine falcon 

Pcrfornvzon mcrinus, 243 
Pesticide chemicals 
Dietary intake, 78 

Pesticide-pH relationship, 183 
Pesticide persistence, 183, 184 
Pesticide tables 

Botanicals, 433 
Carbamates, 428 
Defoliants, 429-432 
Fungicides, 429-433 
Herbicides, 429-432 

Organophosphate insecticides, 423-427 

Acute toxic interaction, 185 
Acute toxicity values, 185 
Aquatic contamination, 182 
Aquatic life, 434 
Aquatic life toxicity, 184 
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Arsenic content, 243 
Cadmium content, 245 
Carbamate, 76 
Cattle feed, 320 
Chlorinated hydrocarbons, z6  
Chemical characteristics, 76 
Environment accumulation, 182 
Environmental effects, 182 
Environmental monitoring, 440 
Estuarine pollution, 37 
Farm animal feed, 320 
Fat soluble, 320 
Fish tolerance levels, 184 
Livestock water, 318 
Malathion, 183 
Metabolic degradation, 183 
Methoxychlor, 183 
Nonmetabolic degradation, 183 
Organic toxicants, 264 
Organochlorine compounds, 183 
Organophosphate toxicity, 184 
Organophosphorus, 76 
PCB analysis, 175 
Phthalate esters content, 174 
Public water supply, 76 
Recommended concentrations, 186 
Research framework, 434 
Research guidelines, 434 
Residue in fish, 183 
Stream transport, 183 
Toxicity, 76, 182, 320 
Toxicological research, 434 
Water entry, 318 
Water for livestock, 304 
Water solubility, 183, 318 

Physiological efrects, 434 
Toxicological effects, 434 

Pesticides in water 
Concentrations, 319 
Properties, 319 
Sources, 182 

Pesticides poisoning 
Livestock, 319 

Pesticides research 
Acute toxicity, 434, 435 
Aquatic organisms 
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Degradation, 438 

Achromobaclrr, 438 
Anobaclcr, 438 
Aeromonas Spp., 438 
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Clinical studies, 438 
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Bacteria 
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Degradation in water, 438 
Environmental fate, 439 
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Food-chain accumulation, 438 
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h4icroorganisms, 439 
Pathology, 438 
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Physicochemical interactions, 439 
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Pond ecosystem studies, 437 
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Residues 

Stream ecosystem studies, 437 
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Chemical analyses, 438 
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Pesticide tolerance 
Aquatic organisms 
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Petroleum industry 

Petroleum refineries 
Process water use, 386 

Water intake, 386 
Petroleum refining 

Description of industry, 385 
Discharge, 385 
Process water properties 

Agriculture waters, 321 

Biological effects, 258 

Refining operation-w-ater use, 385 

Ammonia from catalytic cracking, 386 
Carbon dioxide from catalytic cracking, 

Caustic solution purification, 386 
Chemical reactions, 386 
Hcat transfer, 386 
Inorganic salts, 386 
Kinetic energy, 386 
Plant cleaning, 386 

Process water treatments, 387 
Water distribution, 387 
Water quality characteristics 

Surface waters, 386 
Water supply sources, 385 

386 

Petroleumspecies toxicity ranges, 145 
Pclrornyzon rnarinus, 27 
pH changes 

Benthic invertebrates sensitivity, 241 
Fish sensitivity, 241 
Plankton sensitivity, 241 

Phalarrocorax aurilus, 227 

Pheasants 

Phenol toxicity, 191 
Phenolic compounds 

pesticides, 80 
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Mercury concentrations, 252 
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Hydrolysis of organophosphorus pesticide 

Hydroxy derivatives, 80 
Phenoxyalkyl acid herbicides 

Microbial degradation, 80 
Photochemical oxidation of carbamate 

pesticides, 80 
Public water supply, 80 
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Domestic sewage, 80 
Fungicides, 80 
Industrial waste water discharges, 80 
Pesticides, 80 

Marine aquaculture, 223 

Algal nutrient, 253 
Public water supply, 81 

Philippines 

Phosphate 

Phosphates-eutrophication relationship, 253 
Phosphorus 

Phthalate esters 
Laboratory studies, 254 

Chronic toxicity, 80, 175 
Human growth retardation, 82 
Human health, 82 
Plastics plasticizers, 82 
Public water supply, 82 

Aquatic organisms, 174 
Phthalate ester residues 
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Phjwa snails, 22 
Physical treatment procedures 

Phytophlhora caclorurn, 349 
Phytophlhora citrophlhora, 349 
Phytophlhora parasilica, 349 
Ph$nphthnrn s?., 348, 149 
Phytoplankton 

Virus removal, 92 

Aluminum tolerance, 242 
Crude oil effects, 261 

Phytoplankton growth, 275 
Phytoplankton-nitrogen relationship, 276 
Pike 

Mercury concentration, 173 
p H  effects, 141 

Arsenic toxicity, 243 
Pike perch 

Pirncphalcs prornrlas, 128, 132, 141, 144, 173, 
177, 180-182, 185, 189, 191, 193, 243, 
244, 253, 435 

Pine River, 14 
Pink shrimp 

Pintails 

Placentia Bay 

Armlor@ toxicity, 176 

Lead ingestion effects, 228 

Fish mortalities, 254 
Phosphorus in cod, 254 

Barium content, 244 
Plankton 
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Diatom population, 82 
Growth stimulation 

Mercury sensitivity, 173 
Public water supply, 82 

Salinity effects, 195 

Aluminum concentrations effects, 340 
Arsenic levels, 340 
BOD, 330 
Boron, 341 
Cadmium, 342 
Canals, 23 
Chromium, 342 
Cobalt, 342 
Copper concentration, 342 

. Embayments, 23 
Estuaries, 23 
Fluoride, 343 
Irrigation ditches, 23 
Lead toxicity, 343 
Lithium, 343 
Manganese, 344 
Marshes, 23 
Molybdenum, 344 
Nickel, 344 
Ponds, 23 
Public water supply sources, 23 
Rivers, 23 
Shallow lakes, 23 
Vanadium, 345 

Plant life 
Nickel toxicity, 253 

Plant organisms 
Aluminum adsorption, 242 

Plant-parasitic nematodes, 348 
Plant-pathogenic virus, 349 
Plants 

Artificial lake heating, 165 

plant communities 

Plant growth 

Boron tolerance, 341 
Boron toxicity, 341 
Evapotranspiration, 323 
Molybdenum accumulation, 344 
Nickel toxicity, 344 
Nitrate accumulation, 329, 352 
Nutrient requirements, 22 
Radionuclides absorption, 332 
Soil salinity tolerance, 325 
Tin  content, 345 
Titantium content, 345 
Toxic elements, 352 
Tungsten content, 345 
Zinc toxicity, 345 

Plccoptcra, 14 1 
Pleuronectiforrnes 

Pluchca snicca, 348 
Plume 

Plume entrainment, 170 

Plume water 

Pocideps cristafur, 252 
Poccilia rcticulata, 435 
Potlutant-carcinogenic effmts, 240 

Water tainting, 149 
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Bottom organisms, 170 
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Pollutant exposure time ci 
Pollutant-mutagenic effects, 240 
Pollutant-teratogenic effects, 240 
Pollutant toxicity-pH relationship, 241 
Pollutants 

ulations, 232 

Biological effects, 233 
Genetic effects, 237 

Polluted dredge spoils, 279 
Polluted shellfish 

Acute gastroenteritis, 277 
Infectious hepatitis, 277 

Polluted water 
Algae, 23 
Carbon dioxide content, 139 
Coliform da ta  interpretation, 57 
Shellfish, 36 

Po!wlis nigra, 250 
Polychaete 

Chromium toxicity, 247 
Copper effects, 248 
Copper uptake, 248 

Accumulation in humans, 83 
Chlorinated dibenzofurans contamination, 

Epidemiological studies, 83 
Estuarine birds, 264 
Human exposure effects, 83 
Human ingestion, 83 
Industrial uses, 264 
Industrial uses, 83 
Public water supply, 83 
Rainwater, 83 
Sewage effluents, 83 
Solubility, 83 
Toxicity, 83 
Z’usho disease, 83 

Po!xm-vxa gramtzis, 349 
Porno.&, 128 
Ponds 

Polychlorinated biphenyls 
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Malaria vectors, 25 
Plant growth, 23 

“Pop-eye” (See Exophtalmus and Gas bubble 

Potable waters 
CCE, 75 
Algae control 

Phosphorus concentration, 81 
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Copper sulfate, 347 

Polamgeton, 21 
Pofamogeton pectinatus, 24, 194 
Potamogeton pnfoliatus, 194 
Potomac River Basin 

Watershed alteration, 125 

Mercury toxicity, 313 
Nitrate tolerance, 315 
Nitrite tolerance, 315 
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Zinc in diet, 317 

Arsenicselenium relationship, 240 

Water turbulence effects, 14 

Cooling systems 

Poultry 
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Poultry feed 

Power boats 

Power plants 

Water temperature effects, 61 
Discharge water temperature, 162 

Power plants discharge 
Algae growth, 165 
Cooling ponds, 403 
Estuaries, 403 
Impoundments, 403 
Lakes, 403 
Ocean outfalls, 403 
Rivers, 403 

Pral).lcnchus sp. 348 
Prawns 

Precipitation 
Chromium toxicity, 247 

Pacific Northwest, 333 
United States, 333 

Primary metals 
Description of industry, 388 

Primary metals industry 
Coke production 

Water use, 388 
Demineralized water use, 389 
Iron production 

Water use, 388 
Plant locations, 388 
Process water use 

Aluminum, 388 
Copper, 388 
Iron foundries, 388 
Steel foundries, 388 

Steel production 
IVater use, 388 

Water intake, 389 
IVater quality indicators, 389 
Water quality requirements, 389 
Water recycling, 389 
Water treatment processes 

Plant water supply, 389 
C!nrificn:icz, 583 

IVater use, 388 

Photosynthetic rate, 21 

Daughters, 271 
Decay products, 271 

Private water supply 
Methemoglobinemia, 72 
Virus disease, 91 

Providence Harbor 
Dredge spoils dumping, 278 

Pseudomonas acruginosa, 31 
Psychrophilic bacteria 

Milk storage, 302 
Public Health Laboratory Service, England, 

Public water management, 441 
Public water supply 

Primary productivity 

Primordial radioisotopes, 190 
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Alkalinity, 54 
Ammonia as pollutant, 55 
Ammonia nitrogen content, 55 
Anionic surfactants concentrations, 67 
Arsenic 

Hyperkertosisskin cancer correlation, 
56 

Arsenic content, 56 
Bacteria, 57 
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Public water supply (conf.) 

Fecal coliform, 57 
Bacterial indicators 

Bacteriological characteristics, 50 
Barium content, 59 
Boron, 59 
Cadmium, 60 

Concentrations, 60 
Contamination, 60 

Carbamate insecticide, 78 
Chelates toxicity, 74 
Chloride, 61 

Concentration, 61 
Taste, 61 

Chlorinated hydrocarbons 
Poison to humans, 76 

Chlorination effects on turbidity, 90 
Chlorophenoxy herbicides, 79 
Chlorine disinfectant, 50 
Chlorine use, 246 
Chromium, 62 
Chromium concentrations, 62 
Chronic alkyl mercury poisoning, 72 
Coagulation, 63 
Coliform bacteria, 57 
Collection apparatus 

High-flow samples, 75 
Low-flow samples, 75 
Mini-sampler, 75 

Colloidal ferric oxide, 69 
Color, 63 
Color removal, 63 
Contaminants, 51 
Copper, 64 
Cyanide, 65 
Dissolved oxygen, 65 
Excreted waste, 91 
Filterable residue, 90 
Fluoride, 66 
Fluoride content, 66 
Foaming agents, 67 
Ground water, 50 
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Characteristics, 52 
Chemical-aquifer reaction, 52 
Hydrologic characteristics, 52 
Pollutant decomposition, 52 
Quality, 52 

Growth-producing organisms, 89 
Growth promoting factors, 81 
Hardness, 68 
Human health, 51 
Industrial consumers, 68 
Iodine-131 content, 84 
Iron 

Distribution systems deposits, 69 
Taste, 69 

Iron content, 69 
Irrigation uses, 59 
Itai-itai disease, 60 
Lead toxicity, 70 
Lead-210 content, 85 
Low-energy radionuclides, 84 
Manganese 

Concentration, 71 
Taste effect, 71 

Manganese content, 71 

Public water supply (conf.) 
Mercury, 72 
Metal ions, 68 
Methylene blue reactions, 67 
Microbial hazard measurements, 57 
Mineral salts concentrations, 90 
Monitoring programs, 51 
Nitrate-nitrite concentration, 73 
Nitrates content, 73 
Nitrites content, 73 
Odor, 74 
Oil and grease, 74 

Human health hazard, 74 
Odor-producing problems, 74 
Taste problems, 74 

Organics-carbon adsorbable, 75 
Organophosphorus insecticide, 78 
pH,  63, 80 

Anticorrosion procedures, 80 
Pesticides, 76 
Phenolic compounds, 80 
Phosphate concentration 

Phosphates, 81 
Noxious plant growth, 81 

Eutrophication, 81 
Controllable nutrient, 81 

Phthalate esters, 82 
Plankters 

Odor problems, 82 
Taste problems, 82 

Plankton, 82 
Plankton counts, 82 
Plankton-pH relationship, 82 
Platinum cobalt standards, 63 
Polychlorinated biphenyls, 83  
Productivity-respiration relationship, 
Quality recommendations, 50, 51 
Radioactivity, 84 
Radiochemical analysis, 85 
Radioiodine isotopes, 85 
Radionuclide concentrations, 85 
Radiophysical analysis, 85 

Radium-228 content, 85 
Raw water analytical analysis, 52 
Reservoirs, 79 
Rural areas, 52 
Sampling 
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Chronological, 51 
Spatial, 51 

Sanitary quality indicators 
Coliform bacteria, 57 

Selenium, 86 
Selenium toxicity, 86 
Silver, 87 
Silver concentration, 87 
Silver solubility, 87 
Sodium, 88 
Soluble colored substances, 63 
Strontium-89 content, 84 
Strontium-90 content, 84 
Sulfite concentration, 88 
Surface water classification, 53 
Temperature, 89 
Total dissolved solids (TDS), 90 
Toxic content, 50 

Treatment processes, 51 
Nitrates-nitrites, 73 

Tritium, 84 
Turbidity, 90 
Turbidity-oagulation relationship, 90 
United States, 61 
Unmixed bodies of water 

Oxygen depletion, 65 
Uranyl ion, 91 
Viruses, 91 
Water hardness 

Detergents, 68 
Soaps, 68 

Water management, 52 
Water quality 

Chronic hazard, 51 
Periodic hazard, 51 

Water sources exchange, 52 
Water transmition of virus, 91 
Water treatment processes, 50 
Well water distinctions, 52 
Zinc content, 93 

Plant growth, 23 

Oriental oyster drill, 27 

Public water supply sources 

Puget Sound 

Puerto Rico, 18 
Pulp and paper industry 

Categories, 382 
Manufacturing process, 382 

pH effects, 141 
Pumpkinseed 

Rad (Radiation absorbed dose), 196, 272 
82 Radiation absorption calculators, 196 

Radiation calculations, 272 
Radiation detection, 190, 270 
Radiation sources 

Decay products, 271 
External, 271 
Internal, 271 
Primordiai radioisoroprs, 27i 

Aquatic environment, 270 
Cycling, 271 
Surface waters, 271 
Tritium, 192 

Radioactive materials 

Radioactive materials cycling, 191 
Radioactive wastes, 191, 193, 271 
Radioactivity 

Aquatic environment, 190 
Aquatic organisms, 270 
Characteristics, 190 
Exposure pathways, 194 
Graded scale of action, 84, 86 
Gross alpha concentration, 85 
Gross beta concentration, 85 
Ground water, 84 
Human tolerance, 84 
Marine environment, 190 
Nuclear facilities, 84 
Public water supply, 84 

Gross alpha concentrations, 85 
Gross beta concentrations, 85 

Sources, 190 
Surface waters, 84 
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Tritiated water, 85 

Radioactivity characteristics, 27 
Radioactivity-genetic changes relationship, 
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Radioisotopes 

Daughters, 190 
Food web interaction, 271 
Man-made, 191, 271 
Tracers, 271 
Tri t ium tracers, 271 

Rridioisotopes as tracers, 192 
Radioisotopes-food web relationship, 193 
Radionuclide intake 

Iodine-131, 84 
Radium-226, 84 
Strontium-89, 84 
Strontium-90, 84 

Pa,  38 
ZnG, 38 
Drinking water, 318 
Ground waters, 317 
Human intake, 84 
Irrigation water, 55L 
Livestock, 317 
Shellfish, 38 
Surface waters, 317 
LVatcr for livestock, 304 

Radium-226 
Fresh produce, 332 

Rainbow trout, 435, 437, 438 
Ammonia excretion, 187 
Ammonia sensitivity, 242 
Ammonia toxicity, 187 
Antimony tolerance, 243 
Cadmium lethality, 179 
Chlorine residue. 189 
Chromium chronic effects, 180 
Chromium toxicity, 180 
Copper concentrations, 180 
Ethylmercury content, 173 
Fluoride lethality, 249 
Iron sensitivity, 249 
Gas bubble disease, 138 
Hypothetical lake study, 403 
Metal concentrations lethality, 178 
Methylmercury assimilation 
p H  effects, 141 
Pesticide synergisis, 184 
Phthalate ester toxicity, 175 
Softwater 

Thallium nitrate effects, 256 
Water quality 

Mortality probability, 403 
Zincswimming speed relationship, 182 

Radionuclides 

LC50 values, 181 

Rainfallsoil erosion effects, 126 
Rainwater 

Pesticide content 
Alpha-BHC, 318 
DDD, 318 
DDE, 318 
DDT, 318 
Dieldrin, 31 8 
Gamma-BHC, 318 

PCB, 83 

Public water supply, 50 
Rapid sand filtration 

Rappia niaritirna, 194 
Rappia occidtntalis, 194 
Rats 

Drinking water 
Arsenic content, 309 
Selenium, 316 

Molybdenum toxicity, 314 
Rattail maggots (Eristalis t m o x ) ,  22 
Raw milk storage, 302 
Raw milk supplies 

Raw produce 
Sanitation standard, 302 

Hydrocooling, 302 
Washing, 302 

Human consumption, 36 

Disinfection processes, 58 
Dissolved oxygen, 65 
Process treatment, 58 ' 

Quality, 50 

Ammonia chlorine demand, 55 
Amrnonia-chlorine reaction, 55 
Analytical analysis, 52 
Bacteriological quality, 57 
Color, 63 
Dissolved oxygen, 65 
Quality, 50 
Sources, 50 

Fluoride concentrations, 66 
Fluoride fluctuations, 66 
Monitors, 76 

Raw water quality 
Uranium content, 91 

Raw water source 
Radionuclide concentrations, 85 

Raw water supply 
Ammonia, 65 
Bacteria species, 302 
Iron, 65 
Xlanganese, 65 
Microbial contaminants, 301 

Raw water sources 
Nitrite concentrations, 73 

Raw water supply 
Odor-producing microorganisms, 74 

Raw shellfish 

Raw surface water 
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Receiving waters 

Circulation effects, 230 
hlercury content, 172 
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Mixing zones, 231 
Persistant pollutants, 230 
Pollution concentration, 230 
Sewage load, 275 
Sorption process, 228 
Waste disposal, 228 
Waste disposal toxicity, 228 

Metallic ion leaching, 239 

Recharge wells, 377 
Recirculating cooling water systems, 37 3 
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IVater quality, 8 
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Water resources, 8 
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\Vater resource relationships, 15 
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Excessive temperature, 12 

Recreation water values 
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Physical factors, 13 
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Water carrying capacity, 13, 14 
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Aesthetic values, 35 
Aesthetics, 30 
Agriculture runoff effects, 37 
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Aquatic life, 35 
Aquatic macrophytes, 26 
Aquatic organisms 

Aquatic vectors, 17 
Beach maintenance, 17 
Beach zone effects, 16 
Bioaccumulation, 230 
Blackfly larvae, 22 
Boating, 34 
Boating safety, 35 
BOD, 34 
Carp introduction, 27 
Chemical concentrations, 30 
Chlorophyll a, 21 
Chromium pollution 

Colorado River, 40 
Contamination 

Crater Lake, 40 
Cultural encroachment effects, 35 
Diseases, 17 
Eutrophication rate-relationship, 21 
Everglades, 40 
Fingernail clams, 22 
Fish, 35 
Free-living amoeba, 29 
Grand Canyon National Park, 40 
Great Lakes 

Hypolimnetic oxygen, 21 
Jellyfish, 19 
Kentucky watersheds, 39 
Lake eutrophication, 19, 20 
Lake Tahoe, 40 

haust, 148 

Species introduction, 27 

Cricotopus bicincfus, 18 

Naegleria group, 29 

Coho salmon transplant, 27 
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Carbonates, 22 
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Malaria vectors 
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Cadmium levels, 246 
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Virgin Islands coast 

Virology techniques, 92 
Viruses 

Clnssification, 322 
Infections, 322 
Public w:itcr supply, 91 

Solid waste disposal, 280 

\VHO (World Health Organization), 251 
\VRE (\Vater Resources Engineers, Inc.), 399 
CVafra spill, 262 
Wales 

Walking catfish (Clurias bafruchus), 28 
\V?!!pe 

Walleye eggs 

IValleye fingerlings, 128 
Warmwater fish 

- 

Bathing waters, 29 

Hydrogen sulfide toxicity, 193 

Hydrogen sulfide toxicity, 193 

Dissolved oxygen criteria, 132 

[Varm water temperitures 

Washington 
Fish kills, 171 

Irrigation water 

Washington, D.C. 
Plant nematode distribution, 348 

Urban streams, 40 
Water chestnut introduction, 27 

Waste material disposal recommendations, 

Waste treatment 
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Benefit-cost analysis, 399, 400 
Evaluation techniques, 399 

Animal waste disposal systems, 353 
Chlorine disinfection, 276 
Fish tainting, 147 
Food processing plants, 353 
Nitrogen removal, 352 
Organic content, 353 

Pollutant concentrations, 264 

\Vaste water 

Waste water effluents 

Waste water injection, 115 
\Vaste water potential ’ 

Rlnwdnwn, 779 
Boiler waters, 279 
Evaporative systems, 379 
External water treatment processes, 379 
Recirculated cooling water, 379 

Recreational benefits, 399 

Copper concentrations, 74 
Lead concentrations, 74 

Waste water treatment plants 
Discharges, 147 

LVaste water treatment processes 
Recreation, 13 

\.\inter 
Carbon dioxide content, 139 
Manganese stability, 251 
p H  values, 140 
Pesticides content, 346 

\Vater adsorption 
Clay minerals, 16 
Microorganisms, 16 
Toxic materials, 127 

Carbonate-bicarbonate interaction, 140 

Xfetals-biota relationship, 179 

Surface oil hazards, 196 

Waste water reclamation 

LVaste water treatment 

IVater alkalinity, 54 

Water analyses 

Water birds 

Water chemistry-plants interrelationships, 24 
Water chestnut (Trupa  nutans), 27 
LVater circulation 

Water color 
Pollutant mixing, 217 

Compensation depth, 130 
Compensation point, i 5i.j 
Inorganic sources 

Metals, 130 
Organic sources 

Aquatic plants, 130 
Humic materials, 130 
Peat, 130 

Planktun, 130 
Tannins, 130 

Origin, 130 
Water color-industrial discharge effects, 130 
Water color measurements 

Water components 
Platinum-cobalt method, 130 

hfetallocyanidc complex 

Water composition, 306, 371 
Toxicity, 140 

Air scrubbing, 377 
Evaporation, 377 

Odor, 74 
Taste, 74 

Nitrates, 314 
Pest ic idei 

Water density 
Lakes, 164 

Water contaminant indicator 

Water contamination 

Farm ponds, 318 

Water-dependent wildli , 3 
Water development projects, 10 
Water disinfectant 

Water distribution systems 
Ammonia, 55 

Water entry of pesticides 
Direct application, 318 
Drift, 318 
Faulty waste disposal, 318 
Rainfall, 318 
Soil runoff, 318 
Spills, 318 

.A.mmoiiia-ch:ji;iiie reaci;utw, 55 

Water flavor impairment, 148 
Water flea 

Water hardness 
Thallium nitrate effects, 256 

Biological productivity, 142 
Definition, 142 
Lead toxicity, 181 
Metal toxicity level, 177 
Scale deposits, 68 
Utility facilities, 68 

Water hyacinth (Eichhorniu c r r s ipcs ) ,  27 
Water level control 

Water management techniques, 50 
Water nitrate concentrations, 73 
Water oxygen 

Shell fish harvest, 399 

Salinity effects, 276 
Temperature effects, 276 

Water oxygen depletion 
Duckweed, 24 
Water hyacinth, 24 
Water lettuce, 24 

Configuration effects, 170 

Oxygen level reduction, 133 
Toxicity, 133, 140 
Waterfowl mortalities, 195 

Water polluting agents 
Enteric microorganisms, 321 

Water pollution 

Water plume 
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Crude oil toxicity, 144 
Oils, 144 

Water pollution control, 11 
Water pressure tension, 135 
Water processes 

Mining industry, 394 
Paper and allied products, 383 
Tanning industry, 393 

Water productivity, 140 
Water quality 

CCE,.75 
m-cresol 

o-cresol 

p-cresol 

Acid conditions 

Aethetics, 8, 399 
Agarsphenamine, 87 
Agricultural importance, 300 
Algae content 

Farmsteads, 301 
Alkaline conditions 

Adverse effects, 140 
Alkalinity, 140 
Analysis, 352 
Animal use 

Threshold odor concentration, 80 

Threshold odor concentration, 80 

Threshold odor concentration, 80 

Adverse effects, 140 

Daily calcium requirements, 306 
Daily salt requirements, 306 

Aquatic vascular plants, 23 
Benefit-cost analysis, 399 
Biomonitoring receiving systems, 109 
Biomphalaria glabrafa,  18 
Boating, 28 
Body burdens of toxicants, 116 
Carbonate buffering capacity, 140 
Chemical and allied products, 384 
Chemical compound concentrations, 

Fish tainting, 148 
Oyster changes, 147, 148 

Coastai region nutrient, 2 i O  
Commercial fin fishing, 28 
Commercial shell fishing, 28 
Composition, 371 
Contamination 

Cotton bleaching processes, 380 
Deterioration, 10, 321 
Dietary nutrient content, 305 
Dilution water 

Dissolved oxygen concentrations, 134 
Dissolved oxygen criteria, 133, 134 
Element content 

Cobalt, 306 
Iodine, 306 
Magnesium, 306 
Sulfur, 306 

Estuaries, 222 
Estuary nutrients, 270 
Eutrophy, 21 
Evaluation techniques, 399 
Farm animals use, 321 
Farmsteads 

Outboard motor oil, 148 

Toxicant testing, 120 

Water quality (cant.) 

301 
Nonpathogenic bacterial Contaminants, 

Fish production requirements, 195 
Flavor impairment, 148 
Food canning processes, 390 
Harbors, 35 
Hardness 

Equivalent calcium carbonate, 68 
Polyvalent cations, 68 

Hydrogen ion concentration, 140 
Industrial discharge 

Color effects, 130 
Industrial effluents, 370 
Inorganicchemicals concentration, 481,482 
Insecticides content, 195 
Irrigation waters, 323, 324, 333, 336, 337 
Isotope content, 307 
Kraft pulp mills, 147 
Livestock use 

Bioloeically produced toxins, 304 - . .  
Excessive salinity, 304 
Mineral content, 304 
Parasitic organisms, 304 
Pathogenic organisnls, 304 
Pesticide residues, 304 ' 

Radionuclides, 304 
Toxic elements, 304 

Marine ecosystems, 216 
Marketing costs, 371 
Mercury pollution, 172 
Mesotrophy, 21 
Midge production, 18 
Minerals, 88 
Mortality probability, 404 
Municipal sewage, 274 
Nitrate-nitrogen level, 302 
Nutrients, 19 
Odor-producting bacteria 

Farmsteads, 302 
Oil  loss effects, 144 
Oil  refinery effluents effects, 144 

Oligotrophy, 21 
Organic mcrciiry toxicity, 173 
Outboard motor exhaust, 148 
pH,  140 
Paper and allied products, 383 
Particulates 

Si! ;pi!!: cKcc:z, 2 4 4  

Aquatic life, 16 
Biological productivity, 16 

Pathogens from fecal contamination, 58 
Phenol 

Threshold odor concentrations, 80 
Phenols, 80 
Phosphorus concentrations, 81 
Physical factors, 13 
Plankton density, 82 
Pollutant bioassays, 118 
Polychlorinated byphenals content, 83 
Preserving aesthetic values, 11 
Radioactive materials restrictions, 273 
Receiving systems-biota interaction, 109 
Recreation, 8, 29, 399 
Requirements, 370, 371 

Point of intake, 371 

Point of use, 371 
Sanitary indicators, 57 
Shell fish, 36 
Significant indicators, 378 
Sodium content, 88 
Soil-plant growth effects, 324 
Soils, 323 
Sport fin fishing, 28 
Sport shell fishing, 28 
Suspended solids effects, 222 
Supersaturation, 135 
Swimming, 28 
Tainting, 147, 149 
Textile dyeing processes, 380 
Textile industry 

Thermal criteria, 152 
Thermal regimes, 152 
Total dissolved gases, 135 
Toxic wastes, 18 
Toxicants, 404, 407 
Toxicity curves calculations, 407 
Trace metals 

Treatment equipment, 371 
Virus-disease relationship, 91 
Waste rnatrrial Application factors, 121 
Zinc content-tnste relationship, 93 
Zone of passage, 1 15 

Water Quality Act (1965), 2 
Water quality calculation 

Point of use, 380, 381 

pH effects, 140 

Lethal threshold concentration, 407 
Threshold effective time, 407 

Water quality characteristics 
Aesthetics, 400 
Drifting organisms, 11 3 
Ecology, 400 
Environmental pollution, 400 
Human interest, 400 
Migrating fish protection, 1 13 
Mixing zones, 231 
Multiproduct chemical plant, 385 

WaIPr qiinliry criteria, lo?  91 
Acute pollutants, 118 
Chronic pollutants, 118 
Crop responses, 300 
Cumulative pollutants, 118 
Inorganic chemical protection, 239 
Least-cost analysis, 400 
Lethal pollutants, 118 
Marine aquatic life, 219 
Marine environment 

Selenium toxicity, 345 
Subacute pollutants, 118 
Sublethal pollutants, 118 
Wildlife, 194 

Water quality deterioration 
Wisconsin Lakes, 20 

Water quality effects 
Suspended particulates, 16 

Water quality evaluations 
Monetary benefit, 399 

Site determination, 399 
Nonmonetary benefit, 399 

Waste treatment techniques, 399 

h$ethods of assessment, 233 
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,.,- ." nter quality indicators 
Chemical and allied product industry, 384 
Tanning industry, 394 

Aquatic organisms, 109 
Water quality management, 400 

Water quality-plant growth interrelation- 

Water quality projects 

Water quality recommendations, 

ships, 24 

Economic objectives, 400 

Ground water, 52 
Public water supply, 50 
\Vater management, 52 

Water quality requirements 
Agriculture, 300 
Farmstead use, 301 
Human farm population, 301 
Long-term biological effects, 114 

IVater quality standards, 52 
Artificial ground water recharge, 53 
Mixed water body, 171 

Water quality variation, 18 
Water receiving systems 

Nonthermal discharge distribution 
xnthr!nE!!icl! :z&!, 49: 

\Vater recreation 
Boating, 9 
Camping, 9 
Commercial, 9 
Corps of Engineers, 9 
Fishing, 9 
Fishing licenses, 8 
Legislation, 9 
Management, 11 
Participants, 9 
Picnicking, 9 
Point discharges, 12 
Private, 9 
Programs, 9 
Public, 9 
Regulations, 9 
Sightseeing, 9 
Sportsmen, 8 
Subsurfacc drainage, 12 
Surface flows, 12 
Swimniing, 9 
\Vaterfowl hunters, 9 
\Vater skiing, 9 

\Vater recreation facilities costs, 9 
Water requirements 

Beef cattle, 305 
Cattle, 305 
Dairy cattle, 305 
Horses, 305 
Livestock 

Water balance trials, 305 
Water loss, 304 
\Vater needs, 304 

Poultry, 305 
Sheep, 305 
Swine, 305 

Water resources 
Project recreation evaluation 

Intangible benefits, 399 
Nonmonetary expression of benefits, 399 

Recreation, 8 

Water resource use 

Water-related diseases 

Water safety 

Water salinity 

Evaluation problems, 400 

Bacillary hemoglobinuria, 321 

Fish indicators, 320, 321 

Duckling mortality, 195 
Livestock consumption, 307 
Toxicity in dairy cattle, 307 

\Vater salinity ions 
Bicarbonates, 309 
Calcium, 309 
Chloride, 309 
Magnesium, 309 
Osmotic effects, 307 
Sodium, 309 
Sulfates, 309 

Water solubility 
DDT, 197 

Water supply 
Quantity for livestock, 3 
Raw water quality, 50 
Reservoirs, 13 
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Clay, 301 
Sand, 301 
Silt, 301 
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Thermoduric microorganisms 
Farmsteads, 302 

\Vater supply management 
Agriculture, 300 

IVater supply sources 
Ammonia content 

Aquatic vegetation control, 79 

Turbidity-absorption effects, 127 

Cold temperature, 55 

Water surface 

IVater surface tension, 136 
Water tainting, 149 

Bioassays, 149 
Biological causes, 147 
Chemicals, 147 

Bluegill, 149 
Channel catfish, 149 
Expdsure, 149 
Fish, 149 
Flatfishes, 149 
Largemouth bass, 149 
Organoleptic evaluation, 149 
Salmon, 149 
Trout, 149 
Yellow perch, 149 

Water temperature, 152 
Acclimation, 153 
Aquatic ecosystems, 151 
Aquatic life 

Water tainting tests, 149, 150 

Analysis, 168 
hligration, 164 
Spawning, 164 

Aquatic sensitivity, 168 
Artificial temperature elevations, 160 
Channel catfish, 154 
Commercial fisheries, 151 
Community structure, 165 

Fish 

Fish exposure, 160 
Fish growth r a t e ,  157 
Fish spawning conditions, 163 
Food organisms production, 164 
Growth comparisons, 158 
Lethal threshold, 152 
Life expectancy, 32 
Nuisance organisms growth, 165 
Ocean currents effects, 32 
Power plant discharge, 166 
Safety factor 

Aquatic life, 161 
Seasonal changes, 154 
Short-term exposure, calculations, 168-170 

Spawning period, 162 
Sport fisheries, 151 
Spring fall, 164 
Spring rise, 164 
Suspended particulates-sunlight penetra- 

tion effects, 127 
Warming rates, 127 
1 nerrnai springs efiects, 32 
Winter maxima, 160 

Zero net growth, 154 

Sockeye salmon, 154, 160 

-. 

Water temperature acclimation, 153 
Water temperature-botulism poisoning re- 

Water temperature calculations, 154, 157 
Water temperature criteria, 152, 154, 166 

lationship, 197 

Hypothetical power plant, 167 
Prolonged exposure, 153 
Seasonal prolonged exposure, 154 

Water temperature resistence 
Chinook salmon, 153 

Water temperature tolerance 
Salmon, 153 

Water temperature variation 
Aquatic life development, 162 

Water transmissions of virus, 91 
Water transport 

Particulate matter, 16 
Siltation, 16 

Water treatment 
Chemical 

Halogens, 301 
Sodium hypochlorite, 301 

Economics, 377 
Health hazards, 57 
Heat, 301 
Ozone, 301 
Raw water at farmsteads, 301 
Silver, 301 
Ultraviolet sterilization, 301 

Agriculture, 300 

PCB, 83 
pH effects, 80 
Adsorption, 373 
Aeroation, 373 
Alkalinity reduction, 272 
Alkalinity removal, 375 
Anion exchange, 375 
Boiler makeup, 379 

Water treatment facilities 

Water treatment processes, 372, 379 
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Cation exchange, 375 
Chemical and allied products, 385, 386 
Chlorination, 92 
Clarification, 372 
Coagulation, 50 
Colloid removal, 379 
Color stabilizing efiect, 63 
Cooling, 379 
Corrosion control, 375 
Demineralization, 375 
Dissolved gases removal, 379 
Dissolved solids removal, 379 
DGolved solids modification 

Softening, 379 
Distillation, 375 
Electrodialysis, 375 
External, 372, 374 

Contaminants, 372 
Raw water analysis, 373 
Waste products, 372, 373 

Filtration, 373 
Foaming agents, 67 
Food canning industry, 391 
Hardness precipitation, 375 
Internal, 372, 375 
Ion exchange, 375 
Iron sequestration, 375 
Lime softening, 372, 373 
Lumber industry, 382 
Manganese sequestration, 375 
Manganese zeolite, 375 
Mixed bed exchange, 375 
Nitrates-nitrites, 73 
Oil and grease, 74 
Oxygen scavenging, 375 
pH control, 375 
Paper and allied products, 383 
Petroleum refining, 385 
Phenolic compounds, 80 
Plankton counts, 82 
Rapid sand filtration, 50 
Y-cvcrsr e s m ~ i s  , -  77s 
Rough screens, 372 
Scale control, 375 
Sedimentation, 50, 372 
Sediment dispersal, 375 
Silica removal, 375 
Sodium, 88 
Sodium cation, 375 
Sodium removal, 88 
Suspended solids removal, 379 
Temperature effects, 89 
Textile industry, 381 
Turbidity, 90 
Ultrafiltration, 375 

Water treatment technology, 370 
Water ux 

Chemical and allied products, 384 
Chemical manufacture, 384 
Coolant, 89 
Drinking water, 301 
Farm household, 301 
Farmsteads, 300 

Drinking, 302 
Household, 302 
Food canning industry, 391 

Potable water, 390 
Industrial plant sites, 369 
Industrial requirements, 378 
Industry, 369 

Boiler-feed, 369 
Bottled/canned soft drinks, 370 
Chemical and allied products, 384 
Chemical products, 370 
Condensing-cooling, 369 
Food canning, 370, 389 
Lumber and wood, 370 
Manufacturing plants, 369 
Mining/cement, 370 
Once-through cooling, 376, 378 
Petroleum refining, 370, 385 
Plant intake, 369 
Primary metals, 370 
Pulp and paper, 370 
Steam generation, 370, 376 
Sources, 370 
Tanning, 370 
Textile mills, 370 
Treatment facilities, 371 
Treatment processes, 372 
Treatment technology, 370, 371 

Brackish water, 369 
Freshwater, 369 
Ground water, 369 
Surface water, 369 

Industry intake 

Irrigation, 89 
Livestock, 304 
Lumber and wood industry, 381 
Lumber and wood processing, 381 
Milk for marketing, 301 
Mining industry, 395 
Objectionable odors, 301 
Paper and allied products, 382 
Paper and pulp industry, 382 

Manufacturing purposes, 362 
Surface supply, 383 

Paper and pulp process, 382 
Primary metals industry, 388 

Coke products, 388 
Hot strip mill, 388 
Pig iron products, 388 
Steel-making processes, 388 
Tin plate, 388 
Produce preparation, 301 

Recycling, 369 
Textile industry, 380 
Was hi ng 

Milk-handling equipment, 302 
Raw farm products, 302 

Waste carrier, 89 
Water use processes 

Bottled and canned soft drinks, 392 
Steam generation, 377 

Water virus survival, 276 
Waterborne disease, 91, 351 
Waterfowl 

Lead poisoning, 228 
Lead toxicity, 228 
Winter patterns, 195 

Waterfowl food plants 
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Alkalinity-growth relationship, 194 
Reedhead grass, 194 

Waterfowl Salinity, foods 195 

Waterfront preservation, 10 
Watershed alterations 

Channelization, 124 
Clearing of vegetation, 124 
Diking, 124 
Dredging, 124 
Filling, 124 
Impounding streams, 124 
Rip-rapping, 124 
Sand and gravel removal, 124 
Shoreline modification, 124 

Watersheds, 39 
Waubesa Lake, Wisc., 20 
\Vel1 water 

Contamination from farming, 73 
Fertilization contamination, 73 
Fluorine contcnt, 312 
Nitrate content, 73 

West Falmouth, Mass. 
Oil spill, 258 

Whales, 217 
Whistling swans 

White amur ( s w  grnss carp) 
LVhitefish 

White Oak Creek, Oak Ridge 

White Oak Lake, Oak Ridge 

White pelicans 

White perch 

White suckers 

Whitetailed sea eagle 

Widgeongrass 

Wild and Scenic Rivers Act, 10, 39 
Wild celery 

Wildlife 

Lead ingestion effects, 228 

pH effects, 141 

Atomic energy installations, 273 

Atomic energy installations, 273 

Shell thinning-DDE relationship, 227 

Ferric hydroxide effects, 249 

Hydrogen sulfide toxicity, 133 

Mercury contamination, 252 

Waterfowl food, 194 

Waterfowl food, 194 

Food protection, 194 
Light penetration-plant growth relation- 

ship, 195 
PCB content, 175 
Shelter, 194 
Survival, 194 

Wildlife embryos 
2 , 4 , 5 , T  herbicide contaminant, 225 
Chlorinated dibenzo-p-dioxins toxicity, 

Chlorinated phenols, 225 
225 

~ Pentachlorophenol fungicide contaminant, 

Wildlife species 

Wilson’s petrel 

225 

Pollutants-life cycle relationship, 225 

Cadmium effects, 246 
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\Vindscale, England 

Wisconsin lakes,, 20 
Radiation outfall, 273 

Inorganic nitrogen content, 22 
Inorganic phosphorus content, 22 
Wood preservatives 

Arsenic content, 243 
\Voods Hole Oceanographic Institute 

World oceans 
Oil spill studics, 258 

River sediment loads, 281 

.Yiphincnia, 347 

.Yiphinrma index, 349 

Yellow perch 
Spawning conditions, 164 

Yuma, Arizona 
Irrigation water pesticides content, 346 

Yusho disease 
PCB, 83 

Zinc 
Bioaccumulation, 257 
Dietary requirement 

Livestock, 317 
Poultry, 317 

Human metabolism need, 93 
Natural waten, 316, 317 
Public water supply, 93 
Water hardness-toxicity effects, 182 

Zinc solubility 

Alkalinity, 93 
pH value, 93 

Zinc toxicity, 257 
Farm animals, 316 

Zone of passage 
Coastal waters, 115 
Estuaries, 11 5 
Lakes, 115 
Reservoirs, 1 15 
Rivers, 115 
Water quality, 115 

Zooplankters 
Gas bubble disease, 138 

Zooplankton 
Aluminum tolerance, 242 
Asphyxiation, 137 

<osfcra marinus, 245 
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